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ং࿦
1.1 IV଒൒ಋମྔࢠυοτͷ෺ੑ
൒ಋମ͸ςϨϏɺύιίϯɺεϚʔτϑΥϯͳͲ༷ʑͳిؾػثʹ౥ࡌ͞Ε͓ͯΓɺզʑ
ͷ೔ৗੜ׆ʹ͓͍͔ͯܽͤͳ͍΋ͷͱͳ͍ͬͯΔɻήϧϚχ΢Ϝ (Ge) ͸ 1947 ೥ʹൃ໌͞Ε
ͨτϥϯδελҎདྷɺ1960೥୅·Ͱ൒ಋମ࢈ۀΛݗҾ͖ͯͨ͠ɻ1970೥୅ʹେن໛ूੵճ࿏
(LSI)͕ొ৔͔ͯ͠Β͸ࢿݯͷ๛෋͞ɺ؀ڥ਌࿨ੑͷߴ͞ɺՃ޻ͷ༰қ͞ͳͲͷ؍఺͔Βɺͦ
ͷओ໾ͷ࠲ΛγϦίϯ (Si)ʹҾ͖౉͢͜ͱͱͳΓɺࠓ೔Ͱ΋ Si͸൒ಋମ࢈ۀͷجװࡐྉͰ͋
Δɻຊ࿦จͷओ୊͸φϊϝʔτϧαΠζͷߏ଄Λ࣋ͭίϩΠυঢ় IV଒൒ಋମྔࢠυοτ (Si,
Ge, Si1−xGex) ͷ։ൃͱޫֶಛੑͰ͋Δ͕ɺ͜ͷઅͰ͸͋Β͔͡Ίجຊతͳ IV ଒൒ಋମྔࢠ
υοτͷ෺ੑʹ͍ͭͯड़΂ͨޙɺෆ७෺υʔϓͨ͠ Siྔࢠυοτͷ෺ੑʹ͍ͭͯ঺հ͢Δɻ
1.1.1 IV଒൒ಋମྔࢠυοτͷ෺ੑ
൒ಋମྔࢠυοτͷ෺ੑʹ͍ͭͯड़΂ΔલʹόϧΫ൒ಋମ݁থʹ͍ͭͯߟ͑Α͏ɻόϧΫ
Si, Ge ݁থ͸ҰൠʹμΠϠϞϯυߏ଄Ͱ͋ΔɻμΠϠϞϯυߏ଄͸ 2 ૊ͷಉҰݪࢠ͔Βߏ੒
͞ΕΔ໘৺ཱํ֨ࢠ (fcc) Λର֯ઢ௕ͷ 1/4 ͚ͩͣΒͨ͠ߏ଄Ͱ͋ΔɻIII-V ଒Խ߹෺Ͱ͋Δ
GaAs͸રѥԖ߭ߏ଄ͱݺ͹ΕɺμΠϠϞϯυߏ଄ಉ༷ɺGa, Asݪࢠ͕ͦΕͧΕܗ੒͢Δ fcc
͕ɺର֯ઢ௕ͷ 1/4཭Εͯଘࡏ͍ͯ͠Δɻ݁থߏ଄͸ࠅࣅ͍ͯ͠Δ͕ɺSiͱ GaAs͸·ͬͨ͘
ҟͳΔ෺ੑΛ࣋ͭɻਤ 1.1, 1.2ʹٖϙςϯγϟϧ๏ʹΑΓܭࢉ͞ΕͨόϧΫ Si, Ge, GaAs݁থ
ͷΤωϧΪʔόϯυߏ଄ΛͦΕͧΕࣔ͢ɻՁిࢠଳͷόϯυߏ଄͸൒ಋମͷछྨʹґΒͣ΄΅
ಉ͡Ͱ͋ΓɺΓ఺ (k = 0) ͕Ձిࢠଳͷ௖্Ͱ͋Δɻόϯυߏ଄ʹ͓͚Δ Siͱ GaAsͷେ͖ͳ
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ҧ͍͸఻ಋଳͷ୩ͷҐஔʹ͋ΔɻGaAsͰ͸఻ಋଳͷ୩ͱՁిࢠଳͷ௖্͸ಉ͡ Γ఺ʹҐஔ͠
͍ͯΔɻޫٵऩ΍ൃޫͳͲͷޫֶભҠ͕͜ΕΒͷؒΛհͯ͠ߦΘΕΔ͜ͱ͔Βɺ͜ͷΑ͏ͳό
ϯυߏ଄Λ࣋ͭ൒ಋମΛ௚઀ભҠܕ൒ಋମͱݺ͹ΕΔɻ͜ͷΤωϧΪʔͷࠩΛόϯυΪϟοϓ
ΤωϧΪʔ (Eg) ͱ͍͏ɻ௚઀ભҠܕ൒ಋମ͸ GaAs, GaN, InPͳͲͷ III-V଒΍ CdSe, ZnSͳ
Ͳͷ II-VI଒Խ߹෺൒ಋମʹଟ͍ɻҰํɺSiͷ఻ಋଳͷ୩͸ X఺͔Β Δ఺ํ޲ʹগͣ͠Εͨ
ͱ͜Ζʹଘࡏ͠ɺՁిࢠଳͷ௖্Ͱ͋Δ Γ఺͔Β཭Ε͍ͯΔɻGeͷ఻ಋଳͷ୩͸ L఺ʹଘࡏ
͠ɺSiಉ༷ Γ఺Ͱͳ͍ͱ͍͏఺Ͱ GaAsͱҟͳ͍ͬͯΔɻSi, Ge͸ޫֶભҠͷࡍɺϑΥϊϯͱ
ͷ૬ޓ࡞༻ (ٵऩ͋Δ͍͸์ग़) ʹΑΓӡಈྔอଘଇΛຬͨ͢ඞཁ͕͋Δɻ͜ͷΑ͏ͳ൒ಋମ
͸ؒ઀ભҠܕ൒ಋମͱݺ͹Εɺ୅දྫͱͯ͠ Si, GeͳͲͷ IV଒൒ಋମ΍ GaP͕ڍ͛ΒΕΔɻ
൒ಋମ݁থͷαΠζΛྭىࢠ Bohr ൒ܘఔ౓ʹ·Ͱݮগͤ͞Δͱɺྭىࢠʢిࢠɺਖ਼޸ରʣ
͕൒ಋମྔࢠυοτதʹۭؒతʹด͡ࠐΊΒΕΔ (quantum conﬁnement)ɻόϧΫ Si݁থ͸ؒ
઀ભҠܕ൒ಋମͰ͋Δ͜ͱʹىҼͯ͠ɺൃޫޮ཰͕ 10−6 ఔ౓ (at 4 K)ͱඇৗʹ௿͍ [2]͕ɺφ
ϊϝʔτϧεέʔϧʹ͓͚Δۭؒతͳด͡ࠐΊʹΑΓൃޫޮ཰ΛվળͰ͖Δ͜ͱ͕ظ଴͞ΕΔ
[3]ɻ·ͨɺSiͷྭىࢠ Bohr൒ܘ͸ 5 nmఔ౓ [4]Ͱ͋Δ͜ͱ͔Βɺ5 nmҎԼͰେ͖ͳྔࢠޮ
Ռ͕ظ଴Ͱ͖Δɻਤ 1.3(a) ʹ Si ྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑ [5]
Λࣔ͢ɻਤதͷ੺ઢ͸༗ޮ࣭ྔۙࣅʹΑΔϑΟοςΟϯάۂઢ [6–8]Ͱ͋Δɻ࡞੡ํ๏ʹΑΓ
͹Β͖ͭ͸͋Δ͕ɺαΠζͷݮগʹ൐ͬͯൃޫΤωϧΪʔ͸ߴΤωϧΪʔγϑτ͍ͯ͠Δɻ͜
ͷมԽ͸ Siྔࢠυοτ಺ʹด͡ࠐΊΒΕͨྭىࢠ͕ؔ༩ͨ͠ྔࢠαΠζޮՌΛ؍ଌ͍ͯ͠Δ
ͱߟ͑ΒΕΔɻҰํɺGe͸ SiΑΓΤωϧΪʔΪϟοϓ͕খ͘͞ (Ge: 0.66 eV, Si: 1.12 eV at
300 K)[9]ɺ׌ͭ CMOSϓϩηεͱߴ͍੔߹ੑΛ༗͢Δ͜ͱ͔ΒɺSiϕʔεޫిࢠσόΠεʹ
͓͚Δۙ੺֎ޫݕग़ث΍ΤωϧΪʔม׵ͷ໾ׂΛ୲͏ࣄ͕ظ଴͞Ε͍ͯΔ [10, 11]ɻ·ͨɺGe
͸ Si ΑΓ΋ྭىࢠ Bohr ൒ܘ͕େ͖͍ (Ge: ∼18 nm, Si: ∼5 nm)[4] ͜ͱ͔Βɺ10 nm Ҏ্ͷ
αΠζྖҬͰ΋ݦஶͳྔࢠޮՌ͕ظ଴Ͱ͖Δɻਤ 1.3(b)ʹ GeྔࢠυοτͷൃޫϐʔΫΤωϧ
ΪʔͷཻࢠαΠζґଘੑ [12]Λࣔ͢ɻSiྔࢠυοτಉ༷ɺαΠζͷݮগʹ൐ͬͯൃޫΤωϧ
Ϊʔ͸ߴΤωϧΪʔγϑτ͍ͯ͠Δɻۙ೥WheelerΒ͸ϓϥζϚ෼ղʹΑΓ࡞੡ͨ͠ Geྔࢠ
υοτʹ (C2H5)2OͰද໘ऴ୺Λࢪͨ͠ϑϦʔελϯσΟϯάͳঢ়ଶͷ Geྔࢠυοτ (αΠ
ζ 10.2 nm)͔Βɺ0.77 eVͷۙ੺֎ൃޫΛ؍ଌͨ͠ ([12],ਤ 1.3(b))ɻ͜Ε͸ Geྔࢠυοτʹ
͓͍ͯɺզʑͷ஌ΔݶΓ࠷΋௿ΤωϧΪʔͷൃޫͰ͋Δɻ
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ਤ 1.1: ٖϙςϯγϟϧ๏ʹΑΓܭࢉ͞Εͨ
όϧΫ (a) Si, (b) Ge݁থͷΤωϧΪʔόϯυ
ߏ଄ [1]ɻ
ਤ 1.2: ٖϙςϯγϟϧ๏ʹΑΓܭࢉ͞Εͨό
ϧΫ GaAs݁থͷΤωϧΪʔόϯυߏ଄ [1]ɻ
طଘͷ Si ൒ಋମϓϩηεʹ͓͚ΔσόΠεͷඍࡉԽɺߴूੵԽʹ൐͍ɺSi-MOSFET Ͱ͸
νϟωϧ௕ͷݮগʹΑΓ͖͍͠஋ిѹͷ௿Լ΍ిࢠҠಈ౓ͷ௿͕͞ݦஶʹݱΕΔΑ͏ʹͳͬ
͖ͯͨɻͦ͜Ͱۙ೥ɺ͞ΒͳΔ൒ಋମͷߴੑೳԽʹ޲͚ͯɺ֨ࢠෆ੔߹Λར༻ͨ͠࿪Έͷಋ
ೖ΍ۚଐֶతʹ૬ੑͷྑ͍ GeͱͷࠞথԽʹΑΓҠಈ౓ΛߴΊΑ͏ͱ͢ΔࢼΈ͕ͳ͞Ε͍ͯΔ
[14]ɻಛʹɺSi1−xGex ࠞথ݁থ͸શ཰ݻ༹ମͰ͋Γɺ૊੒ x Λ 0͔Β 1·Ͱ࿈ଓతʹมԽ͞
ͤΔ͜ͱ͕Ͱ͖Δɻਤ 1.4ʹόϧΫ Si1−xGex ࠞথ݁থͷόϯυΪϟοϓΤωϧΪʔͷ Ge૊
੒ґଘੑΛࣔ͢ [13]ɻGe ૊੒ (x) ͷ૿Ճʹ൐͍όϯυΪϟοϓ͕όϧΫ Ge ͷόϯυΪϟο
ϓΤωϧΪʔ (0.66 eV at 300 K)·Ͱ࿈ଓతʹݮগ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ·ͨ x = 0.85෇ۙ
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ਤ 1.3: (a) Si[5], (b) Ge[12]ྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑɻ
ਤ 1.4: όϧΫ Si1−xGex ͷόϯυΪϟοϓΤωϧΪʔͷ Ge૊੒ (x)ґଘੑ [13]ɻ
ΛڥʹมԽྔͷ܏͖͕มԽ͍ͯ͠Δɻ͜Ε͸ Si1−xGex ࠞথ݁থͷ෺ੑ͸ x = 0.85 ·Ͱ͸ Si
తͰ͋ΓɺͦΕҎ্ͷ Ge૊੒Ͱ͸ GeతʹͳΔ͜ͱΛ͍ࣔͯ͠Δ [15]ɻ
Si1−xGex ࠞথͷར఺͸όϯυΪϟοϓͷՄมੑ͚ͩͰ͸ͳ͍ɻόϧΫ Si͸ 800 nmʹ͓͍
ͯ 103 cm−1 ఔ౓ͷٵऩ܎਺Λ࣋ͭͷʹରͯ͠ɺGe͸͓Αͦ 105 cm−1 ͷٵऩ܎਺Λ͓࣋ͬͯ
Γɺ2ܻҎ্ٵऩ͕େ͖͍ɻࠞথԽʹΑΓޫٵऩΛ࿈ଓతʹ੍ޚ͢Δ͜ͱ͕ظ଴Ͱ͖Δ [16]ɻ
ਤ 1.5ʹόϧΫ Si͓Αͼ Geബບͷޫͷ৵ೖਂ͞ͱଠཅޫεϖΫτϧͷؔ܎Λࣔ͢ɻ৵ೖਂ͞
ͱ͸ٵऩ܎਺ͷٯ਺ͷؔ܎Ͱ͋ΔɻͲͪΒͷࡐྉ΋ٵऩͰ͖Δ೾௕ଳҬʹ੍ݶ͕͋Δ͕ɺGe
ͷํ͕ 1 μmҎ্ͷޫͰ΋ٵऩՄೳͰ͋Δɻଠཅి஑΁ͷԠ༻Λߟ͑ͨࡍɺSiͷΈͰ͸ଠཅޫ
1.1 IV଒൒ಋମྔࢠυοτͷ෺ੑ 5
ΤωϧΪʔͷ 36%͔͠ٵऩͰ͖ͳ͍͕ɺGeΛ༻͍Δ͜ͱͰଠཅޫͷ 88%·Ͱ༗ޮʹ׆༻͢
Δ͜ͱ͕Ͱ͖Δɻ͜Ε͸ଟ઀߹ଠཅి஑ͷ௿ΤωϧΪʔϑΥτϯٵऩ૚ɺޫ௨৴೾௕ଳ (1.5,
1.3 μmଳ)ʹ͓͚Δޫݕग़ثͳͲͷޫిࢠσόΠε΁ͷԠ༻໘Ͱඇৗʹඞཁͱ͞ΕΔੑ࣭Ͱ͋
Δɻ͞Βʹ Siͱ GeͷࠞথԽʹΑΓɺ࿈ଓతʹޫٵऩΛ੍ޚͰ͖Δ [16]ɻ·ͨۙ೥ɺഇ೤Λར
༻ͨ͠؀ڥෛՙͷ௿͍ൃిํ๏ͱͯ͠ɺ೤ిൃి͕஫໨͞Ε͍ͯΔɻਤ 1.6ʹ୅දతͳ೤ిࡐ
ྉͷੑೳࢦ਺ (ﬁgure of merit) zT ͷԹ౓ґଘੑΛࣔ͢ [17]ɻҰൠʹ zT = 1ͷͱ͖ɺม׵ޮ཰
10%ʹ૬౰͠ɺ࢈ۀԠ༻্͜ΕҎ্ͷ஋͕ඞཁෆՄܽͰ͋ΔɻSi1−xGex ͸ nܕɺpܕࡐྉͷͲ
ͪΒͰ΋޿͍Թ౓ൣғͰ࢖༻ՄೳͰ͋Δɻಛʹɺnܕࡐྉͱͯ͠ͷ Si1−xGex ͸ߴԹྖҬ (1000
◦C෇ۙ)Ͱߴ͍ੑೳࢦ਺Λ͓ࣔͯ͠Γɺݱࡏͷ೤ిม׵ࡐྉ։ൃͷओྗͰ͋Δ PbTe, BiTe΍
ࢎԽ෺൒ಋମʹͱͬͯมΘΔ͜ͱ͕ظ଴͞Ε͍ͯΔɻSi1−xGex ΛؚΉ IV଒൒ಋମϕʔε೤ి
σόΠεʹؔͯ͠਺ଟ͘ใࠂ͞Ε͍ͯΔ [18–31]ɻ
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ਤ 1.5: όϧΫ Si͓Αͼ Geͷޫͷ৵ೖਂ͞ͱଠཅޫεϖΫτϧͷؔ܎ɻ
ਤ 1.7 ʹ Si1−xGex ྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑΛࣔ͢ɻ• ͸
Si1−xGex ྔࢠυοτͷσʔλͰ͋Δ [32]ɻಉਤʹ͸ൺֱͷͨΊɺաڈʹใࠂ͞Ε͍ͯΔ Siྔ
ࢠυοτ [33–35], Geྔࢠυοτ [36]ͷ࣮ݧσʔλΛ͍ࣔͯ͠ΔɻཻࢠαΠζ 3.8 nmͷ Siྔ
ࢠυοτ͸ 1.45 eVʹൃޫϐʔΫΛ͍࣋ͬͯΔɻSi1−xGex ྔࢠυοτͷൃޫΤωϧΪʔ͸ Si
ྔࢠυοτͱ Geྔࢠυοτ͸ؒͰมԽ͓ͯ͠ΓɺGe૊੒ (x)͕ߴ͘ͳΔ΄ͲൃޫΤωϧΪʔ
͸௿ΤωϧΪʔͱͳΔɻGe૊੒ʹରͯ͠࿈ଓతͳมԽ͕ݟΒΕΔ͜ͱ͔Βɺൃޫಛੑ͸ཻࢠ
αΠζ͚ͩͰͳ͘ Ge૊੒ʹΑΓ੍ޚͰ͖Δ͜ͱ͕Θ͔Δɻ
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ਤ 1.6: ओͳ೤ిࡐྉͷੑೳࢦ਺ zT ͷԹ౓ґଘੑ [17]ɻ(a) nܕɺ(b) pܕࡐྉɻ
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ਤ 1.7: Si1−xGex ྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑ [32]ɻਤதͷҹ͸ͦ
ΕͧΕ Si1−xGex ྔࢠυοτ (•: [32])ɺSi ྔࢠυοτ (×: [33], , : [34], ◦: [35])ɺGe ྔࢠ
υοτ (: [36])ɻഁઢ͸࣮ݧσʔλΛ࠷খೋ৐๏Λ༻͍ͯϑΟοςΟϯάͨ͠΋ͷͰ͋Δɻ
1.1.2 ෆ७෺υʔϓ Siྔࢠυοτͷ෺ੑ
B, P୯ಠυʔϓ Siྔࢠυοτͷ෺ੑ
ෆ७෺υʔϐϯά͸൒ಋମதͷిؾతͳੑ࣭Λ੍ޚ͢Δ໨తͰɺ࢈ۀԠ༻্ඇৗʹॏཁͳ
ख๏Ͱ͋Δɻෆ७෺ݪࢠ͕ೖΓࠐΉҐஔʹΑͬͯஔ׵ܕ (substitutional)ͱ৵ೖܕ (interstitial)
͕͋ΔɻҰൠʹෆ७෺ͷݪࢠ൒ܘ͕ϗετࡐྉͷݪࢠ൒ܘͱಉఔ౓ͩͱஔ׵ܕʹͳΓ΍͘͢ɺ
15% Ҏ্൒ܘ͕ҟͳΔͱݻ༹͠ʹ͘͘ͳΔ (Hume-Rothery ͷ๏ଇ)ɻSi ݁থதͷ֤ Si ݪࢠ
ͷ࠷ۙ઀ͷ 4 ͭͷ Si ݪࢠͱڞ༗݁߹͍ͯ͠ΔɻSi ʹϦϯ (P) Λஔ׵ܕαΠτʹυʔϓͨ͠
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৔߹ɺP ͸ 5 Ձͷݪࢠ (V ଒) Ͱ͋ΔͨΊɺ࠷֎֪ిࢠ͕ 1 ݸ༨৒ͱͳΔɻ͜ͷෛͷిՙΛ
࣋ͬͨిࢠ͕ిؾ఻ಋʹد༩͢Δ͜ͱ͔Βɺ͜ͷΑ͏ͳ൒ಋମΛ n ܕ൒ಋମͱݺͿɻ͜ͷͱ
͖ Pݪࢠ͸ਖ਼ʹΠΦϯԽ͓ͯ͠Γɺ͜ͷΑ͏ͳෆ७෺Λυφʔ (donor)ͱݺͿɻҰํɺ3Ձͷ
ݪࢠ (III ଒) Ͱ͋Δϗ΢ૉ (B) Λ Si ʹυʔϐϯάͨ͠৔߹͸ɺిࢠ͕ 1 ݸෆ଍ͨ͠ঢ়ଶͱͳ
Δɻ͜ͷͱ͖ෆ଍ͨ͠ిࢠΛิ͏Α͏ʹɺۙ઀͢Δڞ༗݁߹ͷిࢠ͕Ҡಈ͢ΔͨΊɺB ݪࢠ
͸ෛʹΠΦϯԽ͠ɺਖ਼޸͕ੜ͡Δɻ͜ͷਖ਼ͷిՙΛ࣋ͬͨਖ਼޸͕൒ಋମ಺Λ఻ಋ͢ΔΑ͏ʹ
ͳΔͨΊɺ͜ͷΑ͏ͳ൒ಋମΛ p ܕ൒ಋମͱݺͿɻ·ͨɺB ݪࢠͷΑ͏ʹਖ਼޸Λڙڅ͢Δෆ
७෺ΛΞΫηϓλ (acceptor) ͱݺͿɻόϧΫ Si ݁থத΁ͷ P, B ͷݻ༹ݶքೱ౓͸ͦΕͧΕ
4 × 1020, 8 × 1020 cm−3 Ͱ͋Δ [9]ɻ
ਤ 1.8(a)ʹ pܕ൒ಋମͷόϯυߏ଄ͷ໛ࣜਤΛࣔ͢ɻΞΫηϓλ͸Ձిࢠଳͷ௖্͔Β EA
͚ͩߴΤωϧΪʔଆʹΤωϧΪʔ४Ґ A0 Λܗ੒͢ΔɻSi݁থதͷ Bݪࢠͷ৔߹ɺՁిࢠଳͷ
௖্͔Β 44.4 meV ߴ͍ΤωϧΪʔҐஔʹΞΫηϓλ४ҐΛܗ੒͢Δ [9]ɻൃޫաఔͰ͸఻ಋ
ଳͱΞΫηϓλ४ҐΛհ͢ΔͨΊɺ௚઀ભҠʹ͓͚ΔൃޫΤωϧΪʔ͸ hν = Eg − EA Ͱදͤ
Δɻਤ 1.8(b)ʹ nܕ൒ಋମͷόϯυߏ଄ͷ໛ࣜਤΛࣔ͢ɻυφʔ͸఻ಋଳͷ୩͔Β ED ͚ͩ௿
ΤωϧΪʔʹυφʔ४Ґ D0 Λܗ੒͢ΔɻSi݁থதͷ Pݪࢠͷ৔߹ ED = 45.6 meV[9]ͰɺB
ݪࢠͷ EA ͱಉఔ౓Ͱ͋Δɻൃޫաఔ͸Ձిࢠଳͱυφʔ४ҐΛհ͢ΔͨΊɺ௚઀ભҠʹ͓͚
ΔൃޫΤωϧΪʔ͸ hν = Eg − ED ͰදͤΔɻ
ਤ 1.8: (a) pܕɺ(b) nܕ൒ಋମͷόϯυߏ଄ͷ໛ࣜਤɻ
ߴೱ౓ (≥ 1017 cm−3) ʹυʔϐϯάͨ͠৔߹Λߟ͑Δɻ͜ͷͱ͖݁থதʹ͸ա৒ͳΩϟϦ
Ξ͕ଘࡏ͢Δ͜ͱʹͳΓɺൃޫಛੑʹେ͖͘ӨڹΛٴ΅͢͜ͱ͕ݒ೦͞ΕΔɻ͜͜Ͱ͸༨
৒ΩϟϦΞ͕΋ͨΒ͢ඇ᫔ࣹ࠶݁߹ͷ 1 ͭͰ͋Δ Auger ࠶݁߹աఔʹ͍ͭͯड़΂ΔɻAuger
աఔ͸ڧྭىԼ΍ɺྔࢠυοτͳͲඍখྖҬʹෳ਺ͷిࢠ–ਖ਼޸ର͕ଘࡏ͢Δͱ͖ʹӨڹ
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͕େ͖͘ͳΔɻਤ 1.9(a) ʹిࢠ͕༨৒ΩϟϦΞͱଘࡏ͢Δ৔߹ͷ Auger ࠶݁߹աఔ (eeh:
electron-electron-hole) ͷΤωϧΪʔόϯυߏ଄Λࣔ͢ɻిࢠͱਖ਼޸͕࠶݁߹͢Δࡍͷόϯυ
Ϊϟοϓ૬౰ͷΤωϧΪʔ (Eg)Λ༨৒ిࢠ͕ٵऩ͠ɺ఻ಋଳ಺Ͱྭى͞ΕΔɻ͜ͷͱ͖ɺ࠶
݁߹ΤωϧΪʔ͕ൃޫͱͯ͠औΓग़ͤͳ͍ͨΊɺAugerաఔ͸ඇ᫔ࣹ࠶݁߹ʹ෼ྨ͞ΕΔɻҰ
ํɺਖ਼޸͕༨৒ΩϟϦΞͰ͋Δ৔߹ (ਤ 1.9(b): ehh: electron-hole-hole)͸ਖ਼޸͕ Eg ૬౰ͷΤ
ωϧΪʔΛड͚औΔ͜ͱʹͳΔɻeeh ܕ Auger աఔ (ਤ 1.9(a)) ͸ిࢠ͕༨৒ΩϟϦΞͱͳΔ
ͨΊɺओʹ nܕ൒ಋମͰى͜Γ΍͘͢ɺehh ܕ Augerաఔ (ਤ 1.9(b))͸ pܕ൒ಋମͰى͖΍
͍͢ɻ͜͜Ͱඇ᫔ࣹભҠϨʔτΛ (τAnr )
−1ɺeeh ͓Αͼ ehh ܕʹ͓͚Δ Auger܎਺ΛͦΕͧΕ
An, Apɺిࢠ͓Αͼਖ਼޸ͷΩϟϦΞೱ౓ΛͦΕͧΕ n, pͱॻ͘͜ͱʹ͢ΔͱɺϨʔτํఔࣜΛ
ղ͘͜ͱʹΑΓ
1
τAnnr
= Ann2,
1
τ
Ap
nr
= App2 (1.1)
ͱදͤΔ [37]ɻయܕతͳ Auger ܎਺͸ A ∼ 10−31–10−29 cm6/s[37] Ͱ͋Γɺࣜ (1.1) ʹΑΓɺ
ભҠϨʔτ (τAnr )
−1 ͸ΩϟϦΞೱ౓ͷ 2৐ʹେ͖͘ґଘ͢Δɻྫ͑͹ A = 10−30 cm6/sͱԾఆ
ͯ͠ɺn, p = 1018 cm−3 ͷͱ͖ Auger ण໋͸ τAnr = 10−6 s Ͱ͋Δ͕ɺn, p = 1019 cm−3 Ͱ͸
τAnr = 10−8 sͱͳΔɻ࣮ࡍͷෆ७෺υʔϐϯάͨ͠ܥͰ͸ෆ७෺ʹہࡏͨ͠ΩϟϦΞͱͷ૬ޓ
࡞༻Λߟྀ͢Δඞཁ͕͋Δɻਤ 1.9(c) ʹෆ७෺४ҐΛհͨ͠ Auger ࠶݁߹աఔͷΤωϧΪʔ
όϯυߏ଄Λࣔ͢ɻຊདྷిࢠ–ਖ਼޸ͷ࠶݁߹ʹ࢖ΘΕΔΤωϧΪʔ͕ෆ७෺ʹہࡏ͢ΔΩϟϦ
Ξʹٵऩ͞ΕΔͨΊɺൃޫޮ཰͕ݮগ͢Δ͜ͱʹͳΔɻෆ७෺ೱ౓͕ߴ͍ɺ͢ͳΘͪࣗ༝Ωϟ
ϦΞ΍ෆ७෺ݪࢠ͕ଟ͍΄ͲɺΩϟϦΞಉ͕࢜ۙ઀ͯ͠૬ޓ࡞༻͕ڧ͘ͳΔͨΊɺAuger࠶݁
߹Ϩʔτ͕૿େ͢Δɻ
Si ྔࢠυοτ΁ͷෆ७෺υʔϐϯά͸ߏ੒ݪࢠ਺͕਺ඦ͔Β਺ઍݸͰ͋Δ͜ͱʹىҼ͠
ͯɺόϧΫ Si ݁থ΁ͷυʔϐϯάͱࠜຊతʹҟͳΔͱߟ͑ΒΕΔɻ௚ܘ 3 nm ͷྔࢠυοτ
(ݪࢠ਺: ∼700 ݸ) ΁ෆ७෺ݪࢠ 1 ݸΛυʔϐϯάͨ͠ࡍͷෆ७෺ೱ౓͸ 7 × 1019 cm−3 Ͱ͋
ΓɺόϧΫͰ͸ߴೱ౓υʔϐϯάʹඖఢ͢ΔɻͦΕΏ͑গͳ͍υʔϓྔͰྔࢠυοτͷ෺ੑ
Λେ͖͘มԽͤ͞Δ͜ͱ͕ՄೳͰ͋ΔɻB ΍ P Λυʔϓͨ͠ Si ྔࢠυοτʹ͓͍ͯυʔϐ
ϯάೱ౓ͷҧ͍ʹΑΔಛੑมԽ͸ൃޫ [38–40]ɺిࢠεϐϯڞ໐ (EPR: electron paramagnetic
resonance)[41–45]ɺRaman ࢄཚ [46–49] ΍੺֎ٵऩ [49–52] ʹΑͬͯ؍ଌ͞Ε͍ͯΔɻਤ
1.10(a), (b)ʹ B, PΛͦΕͧΕ୯ಠυʔϓͨ͠ SiྔࢠυοτͷൃޫεϖΫτϧΛࣔ͢ɻ͍ͣΕ
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ਤ 1.9: (a, b) Auger࠶݁߹աఔͷΤωϧΪʔόϯυߏ଄: (a) eeh ܕ, (b) ehh ܕɻ(c)ෆ७෺४
ҐΛհͨ͠ Auger࠶݁߹աఔͷΤωϧΪʔόϯυߏ଄ɻ
ͷ৔߹΋εϖΫτϧܗঢ়ʹෆ७෺ೱ౓ґଘੑ͸ݟΒΕͳ͍ɻBυʔϓ SiྔࢠυοτͰ͸ Bೱ
౓ͷ૿Ճʹ൐ͬͯൃޫڧ౓ͷݮগ͕ݟΒΕͨɻ͜Ε͸ B ೱ౓૿ՃʹΑΓࣗ༝ΩϟϦΞ (ਖ਼޸)
Λ༗͢Δ Siྔࢠυοτͷ਺͕૿Ճ͠ɺඇൃޫաఔͰ͋Δ Augerաఔ (ehh)͕ࢧ഑తͱͳͬͨ
ͨΊͰ͋Δͱߟ͑ΒΕΔɻPυʔϓ Siྔࢠυοτͷൃޫڧ౓͸ Pೱ౓૿Ճʹ൐͍ɺҰ୴૿Ճ
͢Δ͕ݮগʹస͡Δɻൃޫڧ౓ͷݮগʹ͍ͭͯ͸ Bυʔϓಉ༷ɺSiྔࢠυοτதʹࣗ༝Ωϟ
ϦΞͱͯ͠ੜͨ͡ిࢠʹΑΔ Auger࠶݁߹աఔ (eeh)Ͱઆ໌Ͱ͖ΔɻPͷগྔυʔϓʹΑΔൃ
ޫڧ౓ͷ૿Ճ͸ Siද໘ͷ danglingϘϯυ (Si Pb ηϯλʔ)ͷෆ׆ੑԽʹΑΔ΋ͷͰ͋Δͱߟ
͑ΒΕΔɻPυʔϓʹΑͬͯੜͨ͡ిࢠ͸ Pb ηϯλʔͷܽؕ४Ґʹัଊ͞ΕɺPb ηϯλʔ͕
ిؾతʹෆ׆ੑͱͳΔɻͦͷ݁ՌɺSiྔࢠυοτͷൃޫڧ౓͕վળ͞ΕɺPೱ౓Λ͞Βʹ૿Ճ
ͤ͞Δͱ Augerաఔ͕ࢧ഑తͱͳΓڧ౓͸ݮগ͢Δɻ·ͨɺిؾ఻ಋಛੑ΋ B΍ Pͷυʔϐ
ϯάʹΑΓ੍ޚͰ͖Δ͜ͱ͕Θ͔͍ͬͯΔ [51]ɻPυʔϓ Siྔࢠυοτͷ EPRଌఆʹ͓͍ͯ
͸ɺཻࢠαΠζͷݮগʹ൐ͬͯυφʔిࢠͷεϐϯͱ Pݪࢠ֩ͷ֩εϐϯؒͷ૬ޓ࡞༻ʹΑΔ
ڧ͍ hyperﬁneߏ଄͕؍ଌ͞ΕΔ [41, 45]ɻαΠζ͕όϧΫ Siͷ Bohr൒ܘఔ౓·Ͱখ͘͞ͳ
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ΔͱɺPυφʔ͕ۭؒతͳด͡ࠐΊͷӨڹΛड͚͍ͯΔͱߟ͑ΒΕΔɻ·ͨɺαΠζ͕ 10 nm
ҎԼͷྖҬͰ Pͷυʔϐϯάޮ཰͕௿Լ͢Δ͜ͱ͕Θ͔͍ͬͯΔ [42, 43]ɻ
ਤ 1.10: (a) B[38], (b) P[39]୯ಠυʔϓ SiྔࢠυοτͷൃޫεϖΫτϧͷෆ७෺ೱ౓ґଘੑɻ
B, Pಉ࣌υʔϓ Siྔࢠυοτͷ෺ੑ
࣍ʹɺυφʔͱΞΫηϓλΛಉ࣌ʹυʔϐϯάͨ͠৔߹Λߟ͑Δɻ͜ͷͱ͖ɺD–A ϖΞ
(donor-acceptor pair)͕ܗ੒͞Εɺ͜ΕΒͷݪࢠؒͰޫֶભҠ͕ى͖Δͱߟ͑ΒΕΔɻ͜ΕΛ
D–A ϖΞൃޫͱݺͿɻਤ 1.11(a) ʹ্࣮ۭؒͷ D–A ϖΞͷ໛ࣜਤΛࣔ͢ɻਤதͷ D0, A0 ͸
ͦΕͧΕதੑυφʔɺதੑΞΫηϓλΛɺrD, rA ͸ͦΕͧΕυφʔɺΞΫηϓλݪࢠͷ൒ܘΛɺ
R͸υφʔɺΞΫηϓλݪࢠͷத৺ؒڑ཭Λද͢ɻ͜ͷͱ͖ిࢠɺਖ਼޸ͷ࠶݁߹Λ൐͏ޫֶભ
Ҡաఔ͸࣍ͷΑ͏ʹॻ͚Δɻ
D0 + A0 → D+ + A− + hν (1.2)
ਤ 1.11(b)ʹ D–AϖΞܗ੒࣌ͷΤωϧΪʔόϯυߏ଄Λࣔ͢ɻ఻ಋଳɺՁిࢠଳؒʹυφʔɺ
ΞΫηϓλ४Ґ͕ܗ੒͞ΕΔɻ͜ͷෆ७෺४ҐؒͷΤωϧΪʔࠩ͸ Eg − (EA + ED) ͰදͤΔɻ
࣮ࡍͷൃޫաఔʹ͸ΩϟϦΞΛ༗͢Δ D+–A− ϖΞؒͷ੩ిҾྗΛߟྀ͢Δඞཁ͕͋ΔͷͰɺ
ൃޫΤωϧΪʔ hν ͸࣍ࣜͰදͤΔɻ
hν = Eg − (EA + ED) + e
2
4πεrε0R
(−J (R)) (1.3)
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ࣜதͷ e͸ిࢠͷૉిՙɺεr ͸ൺ༠ి཰ɺε0 ͸ਅۭதͷ༠ి཰Ͱ͋ΔɻJ (R) ͸ R͕খ͍͞৔
߹ͷ೾ಈؔ਺ͷॏͳΓΛߟྀ߲ͨ͠Ͱ͋ΓɺR ͕େ͖͍৔߹ʹ͸ແࢹͰ͖Δɻࣜ (1.3) ΑΓɺ
D–AϖΞൃޫʹ͓͚ΔൃޫΤωϧΪʔ͸ݪࢠؒڑ཭ Rʹେ͖͘ґଘ͢Δɻ·ͨɺ᫔ࣹత࠶݁
߹֬཰W (R) ΋ D–Aؒڑ཭ Rɺ͢ͳΘͪ೾ಈؔ਺ͷॏͳΓʹґଘ͠ɺ࣍ࣜͰදͤΔɻ
W (R) = W (0) exp
(
−2R
a
)
(a = max(rD, rA)) (1.4)
ͭ·ΓɺR͕େ͖͍΄Ͳൃޫ࠶݁߹Ϩʔτ͸ݮগ͢ΔͨΊɺൃޫण໋͸௕͘ͳΔɻ
ਤ 1.11: D–AϖΞͷ໛ࣜਤɻ(a)࣮ۭؒɺ(b)ΤωϧΪʔόϯυߏ଄ɻ
۩ମྫͱͯ͠όϧΫ GaP݁থʹ S(υφʔ)ͱ Si(ΞΫηϓλ)Λಉ࣌υʔϓͨ͠৔߹ͷൃޫ
ಛੑΛ঺հ͢Δ [53]ɻਤ 1.12(a)ʹͦͷൃޫεϖΫτϧΛࣔ͢ɻෳ਺ͷγϟʔϓͳൃޫઢ͕؍
ଌ͞Ε͓ͯΓɺͦΕΒ͸͢΂ͯ Eg = 2.35 eVͱ Eg − (EA + ED) ≈ 2.21 eVͷؒʹଘࡏ͍ͯ͠
Δɻ͜Ε͸ޓ͍ʹڑ཭ͷҟͳΔ D–AϖΞؒͰൃޫΛ͍ࣔͯ͠Δ͜ͱʹىҼ͢Δɻͳ͓ɺਤத
ͷ A, B, CͰද͞ΕΔൃޫઢ͸ෆ७෺αΠτʹہࡏͨ͠ଋറྭىࢠʹΑΔ΋ͷͰ͋ΓɺRb͸
ߍਖ਼༻ Rb ϥϯϓͷًઢͰ͋Δɻ·ͨɺυʔϐϯάϨϕϧ͸ |ND − NA | ∼ 1018 cm−3 Ͱ͋Δɻ
ਤ 1.12(b)ʹ S, Siಉ࣌υʔϓ GaP݁থͷൃޫΤωϧΪʔͷྭىڧ౓ґଘੑΛࣔ͢ɻྭىڧ౓
ͷ্ঢͱͱ΋ʹൃޫΤωϧΪʔ͸ߴΤωϧΪʔγϑτ͍ͯ͠Δɻલड़ͷ௨ΓɺD–AϖΞൃޫ
ͷൃޫण໋͸ D–Aؒڑ཭ʹґଘ͠ɺڑ཭ R͕௕͍΄Ͳൃޫण໋͕௕͘ɺ௿ΤωϧΪʔൃޫΛ
ࣔ͢ɻྭىڧ౓Λ૿Ճͤͨ͞ͱ͖ɺൃޫण໋ͷ௕͍௿ΤωϧΪʔൃޫ͕๞࿨͠ɺൃޫण໋ͷ୹
͍ߴΤωϧΪʔൃޫ͕ࢧ഑తͱͳΔͨΊɺશମͱͯ͠ߴΤωϧΪʔγϑτ͕ى͜Δͱߟ͑ΒΕ
Δɻಉ༷ͷݱ৅͸ Cu, AlΛಉ࣌υʔϓͨ͠ ZnSྔࢠυοτͰ΋؍ଌ͞Ε͍ͯΔ [54]ɻ
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ਤ 1.12: S(υφʔ)ͱ Si(ΞΫηϓλ)Λಉ࣌υʔϓͨ͠όϧΫ GaP݁থͷ (a)ൃޫεϖΫτϧ
(1.6 K)ɺ(b)ൃޫΤωϧΪʔͷྭىڧ౓ґଘੑ [53]ɻ
ਤ 1.13(a)ʹ Bͱ PΛಉ࣌υʔϓͨ͠ SiྔࢠυοτͷൃޫεϖΫτϧΛࣔ͢ [55]ɻBೱ౓
Λݻఆͯ͠ P ೱ౓Λ૿Ճͤͨ͞৔߹ɺൃޫϐʔΫ͕௿ΤωϧΪʔγϑτͨ͠ɻ͜Ε͸ෆ७෺
υʔϐϯάʹΑΓൃޫ੍ޚͰ͖Δ͜ͱΛ͍ࣔͯ͠Δɻ͞Βʹɺߴೱ౓ʹυʔϐϯάͨ͠ࢼྉ
Ͱ͸όϧΫ Si ͷόϯυΪϟοϓ (1.12 eV) ҎԼͷൃޫΛ͓ࣔͯ͠Γɺ͜Ε͸όϯυ୺ൃޫͰ
͸ͳ͘ɺυʔϐϯάʹΑͬͯܗ੒͞Εͨෆ७෺४Ґ͕ؔ༩ͨ͠ൃޫͰ͋Δͱߟ͑ΒΕΔɻਤ
1.13(b)ʹ B, Pಉ࣌υʔϓ Siྔࢠυοτͷٵऩ܎਺εϖΫτϧΛࣔ͢ [56]ɻ1000 nmҎԼʹ
ݟ͑Δٵऩ͸ Si ͷόϯυؒભҠʹىҼ͢ΔٵऩͰ͋Γɺ1000 nm Ҏ্ͷٵऩ͸ P υφʔʹ
Αͬͯ Siྔࢠυοτ಺ʹڙڅ͞Εͨա৒ిࢠͷόϯυ಺ભҠʹىҼ͢ΔٵऩͰ͋ΔɻBೱ౓
ͷ্ঢͱͱ΋ʹա৒ిࢠʹΑΔٵऩ͕ݮগ͍͖ͯ͠ɺB, Pೱ౓͕ಉఔ౓ͷͱ͖࠷খͱͳΔɻൃ
ޫڧ౓΋ B, Pೱ౓͕ಉఔ౓Ͱ࠷େͱͳΔ͜ͱ͔Βɺ1ͭͷ Siྔࢠυοτʹಉ਺ͷ B, P͕υʔ
ϓ͞ΕΔͱɺͦΕͧΕ͔Βڙڅ͞ΕΔిࢠɺਖ਼޸͕ิঈ͞ΕɺAugerաఔ͕ੜͣ͡ɺ୯ಠυʔ
ϓͱൺ΂ͯߴޮ཰ͳൃޫΛࣔ͢ͱߟ͑ΒΕΔɻ·ͨɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυο
τͷൃޫ൒஋෯͸ 200 meVఔ౓ (ਤ 1.10)Ͱ͋Δͷʹର͠ɺಉ࣌υʔϐϯάͨ͠ Siྔࢠυοτ
͸໿ 400 meVͱඇৗʹϒϩʔυͰ͋Δ [55, 56]͕ɺ͜ͷཁҼ͸໌Β͔ʹͳ͍ͬͯͳ͍ɻ
ཧ࿦ܭࢉͷ؍఺͔Β΋ Si ྔࢠυοτ΁ͷෆ७෺υʔϐϯά͸ݚڀ͞Ε͓ͯΓɺୈҰݪཧ
ܭࢉΛ༻͍ͯ B୯ಠυʔϓ [57–59]ɺP୯ಠυʔϓ [57, 60]ɺB, Pಉ࣌υʔϓ [61–66]Siྔࢠ
υοτʹؔ͢Δใࠂ͕͋Δɻਤ 1.14(a)ʹαΠζͷҟͳΔ Siྔࢠυοτ΁ B, P୯ಠυʔϓ͓
Αͼಉ࣌υʔϐϯάͨ͠৔߹ͷܗ੒ΤωϧΪʔΛࣔ͢ [62]ɻ͍ͣΕͷαΠζʹ͓͍ͯ΋ɺ୯ಠ
υʔϐϯάʹൺ΂ͯಉ࣌υʔϐϯάͨ͠ࡍʹܗ੒ΤωϧΪʔ͕࠷খͱͳΔɻ͜Ε͸ಉ࣌υʔ
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ਤ 1.13: B, P ಉ࣌υʔϓ Si ྔࢠυοτͷ (a) ൃޫεϖΫτϧ [55]ɺ(b) ٵऩ܎਺εϖΫτϧ
[56]ɻ
ϐϯάͨ͠ Siྔࢠυοτ͕҆ఆͳߏ଄Ͱ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ͞Βʹɺಉ࣌υʔϐϯά͠
ͨ Bͱ P͕࠷ද໘ͰϖΞΛܗ੒͍ͯ͠Δͱ͖͕࠷΋҆ఆͰ͋Δ [66]ɻ·ͨɺܭࢉʹΑΓ࠷ߴ
ඃ઎يಓ (HOMO: highest occupied molecular orbital)ɺ࠷௿ۭيಓ (LUMO: lowest unoccupied
molecular orbital)͕ܗ੒͢ΔΤωϧΪʔ४ҐΛٻΊΔ͜ͱ͕ՄೳͰ͋Δɻਤ 1.14(c)ʹ B, Pಉ
࣌υʔϓ Si ྔࢠυοτͷߏ଄Ϟσϧ (ਤ 1.14(b)) ΛԾఆͨ͠৔߹ͷΤωϧΪʔόϯυਤΛࣔ
͢ɻಉ࣌υʔϐϯάͨ͠৔߹ͷ HOMO-LUMO ΪϟοϓΤωϧΪʔ͸ɺෆ७෺Λυʔϐϯά
͍ͯ͠ͳ͍৔߹ͷΤωϧΪʔΑΓখ͍͞ɻ͜Ε͸ಉ࣌υʔϐϯάʹΑͬͯυφʔɺΞΫηϓλ
४Ґ͕఻ಋଳ–ՁిࢠଳόϯυΪϟοϓ಺ʹܗ੒͞Ε͍ͯΔ͜ͱΛ͓ࣔͯ͠ΓɺόϧΫ Siͷό
ϯυΪϟοϓΤωϧΪʔΑΓ௿ΤωϧΪʔͳൃޫ͕؍ଌ͞Ε࣮ͨݧ݁ՌͱҰக͢Δɻ͞Βʹɺ
Siྔࢠυοτ಺ͷෆ७෺ͷҐஔΛม͑ͨ৔߹ʹ΋ HOMO४Ґ, LUMO४Ґ͸େ͖͘มԽͯ͠
͍Δɻෆ७෺ͷ਺ʹରͯ͠΋ HOMO-LUMO ΪϟοϓΤωϧΪʔ͸େ͖͘ґଘ͢Δ [59, 60]
͜ͱ͔Βɺυʔϓ͞Εͨෆ७෺ͷҐஔ΍਺ʹΑΓ Siྔࢠυοτͷൃޫಛੑ͸޿ൣғʹ੍ޚՄ
ೳͰ͋Δ͜ͱ͕༧ଌ͞ΕΔɻ͔͠͠ɺ͜ΕΒͷཧ࿦ܭࢉʹΑΔΞϓϩʔν͸௚ܘ ∼2 nmͷ Si
ྔࢠυοτ·Ͱ͔͠ߦΘΕ͓ͯΒͣɺ࣮ݧ݁ՌͱͷൺֱͷͨΊʹ͸ΑΓ޿ൣғͳαΠζྖҬͰ
ͷཧ࿦ܭࢉ͕ඞཁͰ͋Δɻ
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ਤ 1.14: (a) ୈҰݪཧܭࢉʹΑΔਫૉऴ୺ B, P ಉ࣌υʔϓ Si ྔࢠυοτͷܗ੒ΤωϧΪʔ
[62]ɻ(b) ୈҰݪཧܭࢉʹ༻͍Δ B, P ಉ࣌υʔϓ Si ྔࢠυοτͷϞσϧߏ଄ [62]ɻϚθϯλ
৭ͷݪࢠ͕ BͰ͋Γɺࠇ৭ͷݪࢠ͕ PΛද͢ɻPݪࢠͷҐஔΛม͑ͯܭࢉΛߦ͏ɻ(c) (b)Λ΋
ͱʹୈҰݪཧܭࢉʹΑΓٻΊΒΕͨΤωϧΪʔόϯυਤ [62]ɻ
1.2 ίϩΠυঢ়൒ಋମྔࢠυοτ
ۙ೥ɺ൒ಋମྔࢠυοτΛ༹ӷதʹ෼ࢄͤͨ͞ίϩΠυঢ়൒ಋମྔࢠυοτ͕஫໨͞Ε͍ͯ
ΔɻII-VI଒͓Αͼ IV-VI଒Խ߹෺൒ಋମͰ͸ߴ඼࣭ͳίϩΠυ͕࡞੡͞Ε͓ͯΓɺQdot®γ
Ϧʔζ (Thermo Fisher Scientiﬁc Inc.)Λ͸͡Ίͱͯ͠ඇৗʹαΠζ෼෍ͷখ͍͞ྔࢠυοτ͕
ࢢൢ͞Ε͍ͯΔɻ͜ΕΒͷྔࢠυοτΠϯΫ͔ΒεϐϯίʔτͳͲͷృ෍๏Ͱྔࢠυοτ͕࠷
ີॆరͨ͠େ໘ੵ൒ಋମബບΛܗ੒Ͱ͖Δ͜ͱ͔Βɺଠཅి஑ɺLEDɺTFTͳͲͷޫిࢠσό
Πε͕࣮ݱ͞Ε͍ͯΔ [67–74]ɻ·ͨɺੜମ෼ࢠͷηϯγϯά΍ੜମΠϝʔδϯάͷൃޫϚʔ
Χʔ΁ͷԠ༻΋ظ଴͞Ε͍ͯΔ [75–79]ɻ͔͠͠ͳ͕ΒɺII-VI଒͓Αͼ IV-VI଒Խ߹෺൒ಋମ
ྔࢠυοτ͸ࡉ๔΁ͷಟੑ΍ޫୀ৭ੑͳͲͰ՝୊͕͋Δͷ͕ݱঢ়Ͱ͋ΔɻຊઅͰ͸ɺ؀ڥ਌࿨
ੑͷߴ͍ SiΛϕʔεͱ͢ΔίϩΠυঢ় IV଒൒ಋମྔࢠυοτʹ͍ͭͯաڈͷݚڀΛ؆୯ʹ·
ͱΊΔɻ
1.2.1 ίϩΠυঢ় IV଒൒ಋମྔࢠυοτ
ίϩΠυঢ় Siྔࢠυοτ
Si͸؀ڥ਌࿨ੑ͕ඇৗʹߴ͘ɺݱࡏͷ൒ಋମσόΠε࢈ۀͱίϯύνϒϧͰ͋Δ͜ͱ͔Βɺ
ίϩΠυঢ় Siྔࢠυοτʹؔ͢Δݚڀ͕ٸ଎ʹਐΜͰ͍Δ [80–89]ɻSi ྔࢠυοτͷόϯυ
ΪϟοϓΤωϧΪʔ͸ͦͷαΠζ΍ද໘ऴ୺ΛมԽͤ͞Δ͜ͱͰɺόϧΫ SiͷόϯυΪϟο
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ϓ (1.12 eV)͔ΒՄࢹྖҬ (∼2.0 eV)·Ͱ੍ޚ͢Δ͜ͱ͕ՄೳͰ͋Δɻ·ͨɺޫٵऩ೾௕͕Մ
ࢹ͔Βࢵ֎ʹ͔͚ͯϒϩʔυͰ͋Δ͜ͱ͔Βྭى೾௕ͷબ୒ੑ͕ߴ͍ɻਤ 1.15ʹ࿈ଓޫྭى
Լʹ͓͚Δ FITC(ﬂuorescein isothiocyanate)ɺII-VI଒൒ಋମྔࢠυοτɺSiྔࢠυοτͷൃޫ
҆ఆੑΛࣔ͢ [90]ɻΧϧίήφΠυܥ൒ಋମྔࢠυοτ΍ੜԽֶ෼໺ͰΑ͘༻͍ΒΕΔܬޫ৭
ૉͰ͋Δ FITCʹൺ΂ͯɺSiྔࢠυοτ͸ྭىޫʹΑΔྼԽ͕ඇৗʹগͳ͍ɻ͜ΕΒͷಛੑΛ
ੜ͔ͯ͠ɺίϩΠυঢ় Siྔࢠυοτ͸ଠཅి஑ [91, 92]ɺLED[93, 94]ɺTFT[95]ͳͲͷޫి
ࢠσόΠε΍ੜମΠϝʔδϯάͷൃޫࡐྉ [96, 97]ͱͯ͠ίϩΠυঢ় Siྔࢠυοτ͕༻͍Β
Ε͖ͯͨɻ
ਤ 1.15: ࿈ଓޫྭىԼʹ͓͚Δ FITCɺII-VI଒൒ಋମྔࢠυοτɺ Siྔࢠυοτͷൃޫ҆ఆ
ੑ [90]ɻ
FojtikΒ͸ SiH4 ͷؾ૬෼ղʹΑͬͯίϩΠυঢ় SiྔࢠυοτΛॳΊͯ࡞੡ͨ͠ [98]ɻཻࢠ
αΠζ͕ 1.1–1.5 nmͷ Siྔࢠυοτ͕Ͱ͖͍ͯΔɻ࠷ۙͰ͸ɺKortshagenΒ͕ SiH4 ΍ SiCl4
ͷϓϥζϚ෼ղʹΑͬͯɺίϩΠυঢ় Siྔࢠυοτͷ࡞੡ʹ੒ޭ͍ͯ͠Δ [83, 84, 99–101]ɻ
ਤ 1.16(a)ʹίϩΠυঢ় SiྔࢠυοτͷࣸਅΛࣔ͢ [83]ɻ୙Γͷͳ༹͍ӷ͕ಘΒΕ͓ͯΓɺڽ
ू෺ʹΑΔࢄཚ͸શ͘ݟΒΕͳ͍ɻಛʹൃޫͷ؍఺Ͱ͸ɺ62% ͱ͍͏ Si ྔࢠυοτͷதͰ
͸ඇৗʹߴ͍ྔࢠޮ཰Λୡ੒͍ͯ͠Δ [100]ɻଞͷ෺ཧతϓϩηεʹΑΔ࡞੡ํ๏ͱͯ͠͸ɺ
ਫૉγϧηεΩΦΩαϯ (HSQ: hydrogensilsesquioxane) ͷߴԹ೤ॲཧ (1100 ◦C Ҏ্) ʹΑΓ
SiO2 ϚτϦοΫεதʹ SiྔࢠυοτΛ੒௕ͤ͞ɺϑοԽਫૉࢎͰϚτϦοΫεΛআڈͨ͠ޙɺ
∼200 ◦CͰͷώυϩγϦϧԽ൓Ԡ (hydrosilylation)ʹΑΓɺΞϧΩϧ࠯౳Ͱද໘म০Λߦͬͨ
΋ͷ [89, 102]ͳͲ͕͋Δɻ͜ͷ࡞੡ϓϩηεͷ࠷େͷಛ௃͸େྔͷ SiྔࢠυοτΛҰ౓ʹ࡞
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੡Ͱ͖Δ఺Ͱ͋Δɻ·ͨɺߴֹͳ૷ஔ΋ඞཁͱ͠ͳ͍ͨΊɺ࢈ۀԠ༻্ίετ໘Ͱඇৗʹ༗ར
Ͱ͋Δɻਤ 1.16(b) ʹίϩΠυঢ় Si ྔࢠυοτബບͷಁաిࢠݦඍڸ૾Λࣔ͢ [89]ɻαΠζ
෼෍͕খ͘͞ɺۉҰͰɺڽूମͷͳ͍டং഑ྻͨ͠ߏ଄Λͱ͍ͬͯΔ͜ͱ͕Θ͔Δɻ·ͨɺԽ
ֶతϓϩηεʹΑͬͯӷ૬͔Β߹੒͞Εͨ Siྔࢠυοτ΋ଟ਺ใࠂ͞Ε͍ͯΔ [103–107]͕ɺ
݁থੑ΍αΠζۉҰੑɺ௕ظ҆ఆੑͳͲͰ՝୊͕͋Δͷ͕ݱঢ়Ͱ͋Δɻ
(a) (b)
ਤ 1.16: (a)༗ػ෼ࢠम০ίϩΠυঢ় Siྔࢠυοτͷࣸਅ [83]ɻ(b)ίϩΠυঢ় Siྔࢠυοτ
ͷృ෍ʹΑΓ࡞੡͞Εͨബບͷಁաిࢠݦඍڸ૾ [89]ɻ
༹ӷதͰྔࢠυοτ͕ίϩΠυঢ়ʹ҆ఆͯ͠෼ࢄ͢ΔͨΊʹ͸ཻࢠೱ౓ɺཻࢠαΠ
ζɺද໘ిՙɺ෼ࢄӷͷΠΦϯڧ౓ (pH) ͕ॏཁͳύϥϝʔλʹͳΔɻ͜Ε͸ཻࢠ–༹ӷ
ք໘ͷిؾೋॏ૚ͷ૬ޓ࡞༻ͱཻࢠؒʹ࡞༻͢ΔϑΝϯσϧϫʔϧεҾྗΛߟྀͨ͠
Derjaguin-Landau-Verwey-Overbeek (DLVO) ཧ࿦Ͱେํઆ໌͞ΕΔɻίϩΠυঢ় Si ྔࢠυο
τͷଟ͘͸ɺͦͷ҆ఆͨ͠෼ࢄੑΛอͭํ๏ͱͯ͠༗ػ෼ࢠʹΑΔද໘म০͕༻͍ΒΕ͍ͯ
Δɻྔࢠυοτද໘ʹम০͞Εͨ༗ػ෼ࢠ͸ɺཱମো֐͋Δ͍͸੩ిੱྗʹΑͬͯɺྔࢠυο
τؒͷڽूΛ཈੍͢Δ໾ׂΛՌͨ͢ɻSi ྔࢠυοτ΁ͷද໘म০ํ๏ͱͯ͠࠷΋Ұൠతͳ
ͷ͸ώυϩγϦϧԽ൓ԠͰ͋Δɻ͜Ε͸ H ऴ୺ Si ྔࢠυοτʹରͯ͠ద༻Ͱ͖Δख๏Ͱ͋
Γɺӷ૬தͰͷՃ೤ [102, 108–110] ΍ UV রࣹ [81, 90, 109, 111–115]ɺPt ৮ഔ [114, 116]ɺ
ϓϥζϚ߹੒ [83] Λར༻ͨ͠Ξϓϩʔν͕ఏҊ͞Ε͍ͯΔɻ຤୺ͷ׭ೳج͸Ξϛϊج
(–NH2)[102, 116]ɺΧϧϘΩγϧج (–COOH)[81, 90]ɺϝνϧج (–CH3)[83, 102, 109, 111, 113]ɺ
ΞϦϧج (–CH2CH=CH2)[115]ɺϕϯθϯ؀ (–C6)[108, 112]ɺϐϨϯ (–C16)[110]ͷ΋ͷ͕࡞
੡͞Ε͍ͯΔɻϖϓνυ݁߹Λ༰қʹܗ੒Ͱ͖Δ͜ͱ͔ΒɺಛʹΞϛϊج΍ΧϧϘΩγϧجΛ
࣋ͭ Siྔࢠυοτ͸ੜମద߹ੑ͕ߴ͍ͱ͍͑Δɻ·ͨɺ(3-aminopropyl)trimethoxysilaneͳͲ
ʹΑΔγϥϯΧοϓϦϯά൓ԠΛ༻͍ͨ Siྔࢠυοτ΁ͷද໘म০ϓϩηε΋։ൃ͞Ε͍ͯ
Δ [117–120]ɻ্هͷΑ͏ͳίϩΠυঢ় Si ྔࢠυοτͷଟ͕͘ϔΩαϯ΍τϧΤϯͳͲۃੑ
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༹ഔʹ෼ࢄͨ͠΋ͷͰ͋ΓɺόΠΦϝσΟΧϧ෼໺΁ͷԠ༻ʹ͸ਫ΍ΞϧίʔϧͳͲͷۃੑ༹
ഔ΁ͷ෼ࢄੑ͕ٻΊΒΕΔɻ
ίϩΠυঢ় Geྔࢠυοτ
͜͜े਺೥ͰɺίϩΠυঢ় Geྔࢠυοτͷݚڀ։ൃ͕ੵۃతʹߦΘΕ͖ͯͨ [121]ɻͦͷ
࡞੡ํ๏͸Խֶతϓϩηεͱ෺ཧϓϩηεͷ 2 ͭʹେผ͞ΕΔɻԽֶతϓϩηεͰ͸ɺओʹ
GeԽ߹෺͔Βؐݩ൓ԠʹΑΓφϊཻࢠΛ࡞੡͢Δ΋ͷ͕ଟ͍ɻࡉ͔͘෼ྨ͢Δͱɺ(i) Geϋϩ
ήϯԘ (GeX4 ΋͘͠͸ɺGeX2; X=Cl, Br, I)ͱΞϧΧϦۚଐ΍༗ػΞϧΧϦۚଐͷԽֶ߹੒ʹ
ΑΓɺGeΛ୤཭ͨ͠΋ͷ [122–125]ɺ(ii) GeϋϩήϯԘͱδϯτϧԘ (NaGe, KGe, Mg2Ge)Λ
ӷதͰ൓Ԡͤͨ͞΋ͷ [126–128]ɺ(iii) GeϋϩήϯԘΛਫૉؐݩࡎ (LiAlH4, NaBH4, n-BuLi
ͳͲ) ͰӷதͰؐݩͨ͠΋ͷ [129–139]ɺ(iv) Ge ϋϩήϯԘ΍༗ػ Ge (Ge[N(SiMe3)2]2 ͳ
Ͳ) ͱɺΞϛϯܥ༗ػ෺΍ΦϨΠϯࢎͳͲͷ༗ػ෺Λࠞ߹͠Ճ೤ͨ͠΋ͷ [140–145]ɺ(v)
GeCl(C6H5)3ɺHDA (hexadecylamine)΍ΦϨΠϯࢎΛࠞ߹ͯ͠Ճ೤͠ɺ͜Εʹེԫͱ HDAͷ
ࠞ߹Ճ೤෺Λ஫ೖ͢Δ͜ͱͰ GeφϊཻࢠΛτϧΤϯதʹऔΓग़ͨ͠΋ͷ [146]ɺ(vi)༗ػ Ge
(TOG: tetra-cis-9-octadecenoic germanium) ͱ TOP (trioctylphosphine) ͳͲΛࠞͥͯ೤ॲཧ͠
ͨ΋ͷ [147, 148] ͕͋ΔɻҰํɺ෺ཧతϓϩηεͰ͸ɺ(i) κϧήϧ๏ʹΑΓ࡞੡ͨ͠ίϙϦ
Ϛʔ [(SiO2)x (GeO2)y]n Λ೤ॲཧ͢Δ͜ͱͰ SiO2 ϚτϦοΫεதʹ GeྔࢠυοτΛ੒௕͞
ͤɺ΢ΤοτΤονϯάʹΑΓ SiO2 ΛऔΓআ͖ɺΤλϊʔϧதʹऔΓग़ͨ͠΋ͷ [149–152]ɺ
(ii)༗ػ Ge (Ge(C2H5)3 ͳͲ)Λ೤ॲཧͯ͠ɺϋΠυϩΧʔϘϯϚτϦοΫεதʹ GeΛ੒௕͞
ͤɺϚτϦοΫεΛ༹ղ͢Δ͜ͱͰ༹ӷதʹऔΓग़ͨ͠΋ͷ [153]ɺ(iii) GeCl4 ΍ GeH4 Λϓ
ϥζϚ෼ղ͢Δ͜ͱͰ Geค຤Λ࡞੡͠ɺ༹ӷதʹ෼ࢄͤͨ͞΋ͷ [95, 154–156]ɺ(iv)ࢎૉϑ
ϦʔԽͨ͠ 1-ΦΫςϯΛՃ͑ͨ GeλʔήοτʹϨʔβʔΞϒϨʔγϣϯ๏Ͱ Geྔࢠυοτ
Λ࡞੡͠ɺδΫϩϩϝλϯதʹऔΓग़ͨ͠΋ͷ [157, 158]ɺ(v) GeH4 ΛϨʔβʔ೤෼ղ͠ɺ༹
ӷதʹ෼ࢄͤͨͨ͞΋ͷ [159]ɺ(vi) Geค຤ΛΤλϊʔϧͱਫͷࠞ߹༹ӷʹೖΕɺޫরࣹ͢Δ
͜ͱͰαΠζ੍ޚͨ͠ GeྔࢠυοτΛ࡞੡ͨ͠΋ͷ [160]͕͋ΔɻίϩΠυ༹ӷதͷ Geྔ
ࢠυοτͷαΠζʹґଘͨ͠ൃޫΛ؍ଌ͍ͯ͠Δใࠂ͸ඇৗʹগͳ͍͕ɺݱࡏ·Ͱʹࢵ֎–Մ
ࢹ੨྘ྖҬ [126, 133, 135, 139, 147, 157, 158, 160–162]ɺۙ੺֎ྖҬ [137, 138]Ͱ؍ଌ͞Εͯ
͍Δɻ
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1.2.2 B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτ
લઅͰड़΂ͨ௨ΓɺSi ྔࢠυοτΛ༹ӷதͰ҆ఆʹ෼ࢄͤ͞Δख๏ͱͯ͠ɺ༗ػ෼ࢠʹΑ
Δද໘म০͕ҰൠతͰ͋Δɻ͔͠͠ɺྔࢠυοτͷృ෍ʹΑΓ࡞੡͞Εͨബບʹ͓͍ͯɺ༗
ػ෼ࢠ͕τϯωϦϯάόϦΞͱͯ͠࡞༻͢ΔͨΊɺిؾ఻ಋΛஶ્͘͠֐͢ΔՄೳੑ͕͋Δ
[163]ɻ౰ݚڀࣨͰ͸ pܕෆ७෺Ͱ͋Δ Bͱ nܕෆ७෺Ͱ͋Δ Pͷಉ࣌υʔϐϯάͱ͍͏৽ن
ͳख๏ʹΑΓɺද໘म০ແ͠Ͱਫ΍ΞϧίʔϧͳͲۃੑ༹ഔதͰݽཱͯ͠෼ࢄ͢ΔίϩΠυঢ়
Siྔࢠυοτͷ։ൃʹ੒ޭ͍ͯ͠Δ [164–170]ɻಉ࣌υʔϐϯά͸ Siྔࢠυοτද໘ͷԽֶ
తੑ࣭ (෼ࢄੑ)Λ੍ޚ͠ɺ͔ͭൃޫͳͲͷ෺ੑΛ੍ޚ͢ΔͨΊʹ༗ޮͳख๏Ͱ͋Δ [165]ɻਤ
1.17(a)ʹཻࢠαΠζͷҟͳΔ B, Pಉ࣌υʔϓίϩΠυঢ় SiྔࢠυοτͷൃޫεϖΫτϧͱର
Ԡ͢Δ༹ӷͷࣸਅΛࣔ͢ [166]ɻཻܘ 1–9 nmͷൣғͰ৭͍ͮͨίϩΠυঢ় Siྔࢠυοτ͕࡞
੡Ͱ͖͍ͯΔɻͦͷൃޫεϖΫτϧ͸ Gaussianܗঢ়Ͱ͋ΓɺαΠζͷେ͖͍΋ͷͰ͸όϧΫ
SiͷόϯυΪϟοϓΤωϧΪʔ (1.12 eV)ҎԼͰൃޫ͍ͯ͠Δɻ͜ͷൃޫಛੑ͸ೱ౓͕ 0.01–3
mg/mL΍ pH͕ 2–8ఔ౓ͷྖҬͰ΄΅มԽ͠ͳ͍ɻ͜Ε͸ཻࢠͷೱ౓΍༹ഔͷ pHʹΑͬͯɺ
ཻࢠؒڑ཭͕มԽͯ͠΋ɺཻࢠؒͷ૬ޓ࡞༻͸খ͍͞ͱ͍͏͜ͱΛ͍ࣔͯ͠Δɻਤ 1.17(b)ʹ
B, P ಉ࣌υʔϓ Si ྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑΛࣔ͢ [166]ɻͳ
͓ɺਤதʹ͸ෆ७෺Λυʔϓ͍ͯ͠ͳ͍ SiྔࢠυοτͷൃޫϐʔΫΤωϧΪʔ΋ϓϩοτ͠
͍ͯΔ [89, 100, 171]ɻཻࢠαΠζͷݮগʹ൐ͬͯൃޫϐʔΫΤωϧΪʔ͸ߴΤωϧΪʔγϑ
τ͓ͯ͠Γɺఆੑతʹෆ७෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͱಉ༷ͷ܏޲Λ͍ࣔͯ͠Δɻಉ
ҰαΠζʹ͓͚ΔൃޫΤωϧΪʔ͸ಉ࣌υʔϐϯάͨ͠ Siྔࢠυοτͷํ͕ 200–300 meVఔ
౓௿ΤωϧΪʔͰ͋Δɻ͜ͷ݁Ռ͸ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫ͕ෆ७෺४Ґؒͷޫ
ֶભҠʹΑΔ΋ͷͰ͋Δ͜ͱΛ͍ࣔࠦͯ͠Δɻ
ޫిࢠऩྔ෼ޫ๏ (PYS: photoelectron yield spectroscopy)ͱ Xઢޫిࢠ෼ޫ๏ (XPS: X-ray
photoelectron spectroscopy)͓Αͼɺൃ ޫΤωϧΪʔͷଌఆ݁ՌΛ૊Έ߹ΘͤΔ͜ͱʹΑΓɺB,
Pಉ࣌υʔϓ Siྔࢠυοτͷਅۭ४Ґ͔Βͷ HOMO, LUMO͓Αͼ Fermi४ҐΛܾఆͨ͠ɻ
ਤ 1.18(a)ʹͦͷ݁ՌͷཻࢠαΠζґଘੑΛࣔ͢ [172]ɻαΠζͷݮগʹ൐ͬͯɺόϯυΪϟο
ϓΤωϧΪʔ͸όϧΫ Siͷ΋ͷΑΓ૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔ΔɻαΠζͷେ͖͍ྖҬͰόϧ
Ϋ SiͷόϯυΪϟοϓ಺ʹ HOMO, LUMO४Ґ͕͋Δ͜ͱʹՃ͑ͯɺෆ७෺Λυʔϓ͍ͯ͠
ͳ͍ Siྔࢠυοτͷཧ࿦ܭࢉ஋ͱൺ΂ΔͱαΠζʹΑΔ HOMO, LUMO४Ґͷγϑτ͸Θͣ
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ਤ 1.17: (a) ཻࢠαΠζͷҟͳΔ B, P ಉ࣌υʔϓίϩΠυঢ় SiྔࢠυοτͷൃޫεϖΫτϧ
[166]ɻ(inset: ༹ӷͷࣸਅ) (b)ൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑ [166]ɻෆ७෺Λυʔ
ϓ͍ͯ͠ͳ͍ Siྔࢠυοτ (: [89], : [100], : [171])ɻ
͔Ͱ͋Δ͜ͱ͔Βɺ͜ͷ HOMO, LUMO४Ґ͸ͦΕͧΕΞΫηϓλɺυφʔ४ҐʹରԠͯ͠
͍Δͱߟ͑ΒΕΔɻൺֱతେ͖͍αΠζͷ Siྔࢠυοτ͸ HOMO४ҐدΓʹ Fermi४Ґ͕
͋Δ͜ͱ͔Βɺpܕ൒ಋମͰ͋Δɻ͜Ε͸ ICPଌఆ (inductively coupled plasma)ʹ͓͍ͯ Pೱ
౓ (∼5 at.%)ΑΓ Bೱ౓ (∼20 at.%)ͷํ͕ଟ͘ݕग़͞Ε͍ͯΔ͜ͱʹҰக͢ΔɻҰํɺαΠζ
͕ 3 nmҎԼʹͳΔͱ Fermi४Ґ͕ HOMO, LUMO४Ґͷதؒʹ͍͍ۙͮͯ͘ɻ͜Ε͸αΠ
ζͷখ͍͞ Siྔࢠυοτʹ͓͍ͯ Bͱ P͕ಉ਺ଘࡏ͠ɺΩϟϦΞ͕ิঈ͞Ε͍ͯΔྔࢠυο
τͷ਺͕૿Ճͨ͜͠ͱʹىҼ͢Δͱߟ͑ΒΕΔɻਤ 1.18(b)ʹൃޫण໋ͷཻࢠαΠζґଘੑΛ
ࣔ͢ɻෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτ͸αΠζʹґଘͯ͠ൃޫण໋͕มԽ͍ͯ͠Δ
͕ɺ3 nmҎ্ͷ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫण໋͸΄ͱΜͲมԽͤͣɺ100 μsఔ౓
Ͱ͋Δɻ͜Ε͸ෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Si ྔࢠυοτͷൃޫण໋ʹൺ΂ͯ 1 ܻఔ౓ૣ͍ɻ
ਤ 1.18(c)ʹൃޫྔࢠޮ཰ͷཻࢠαΠζґଘੑΛࣔ͢ɻpܕ൒ಋମྖҬɺ͢ͳΘͪαΠζ͕ൺ
ֱతେ͖͍ྖҬͰ͸ɺ3–4 nm෇ۙͱൺ΂ͯྔࢠޮ཰͕࠷େ 3ܻఔ౓௿Լ͍ͯ͠Δɻ༨৒Ωϟ
ϦΞ͕ଘࡏ͢Δྔࢠυοτͷ Auger࠶݁߹ण໋͸ 0.1–100 nsͱใࠂ͞Ε͓ͯΓ [173]ɺ᫔ࣹత
ൃޫण໋ΑΓ΋࠷௿ 2ܻ͸ૣ͍ͷͰɺൃޫྔࢠޮ཰ͷ௿Լ͸༨৒ΩϟϦΞʹΑΔ Auger࠶݁߹
Λ൐͏ඇൃޫաఔ͕ࢧ഑తʹͳ͍ͬͯΔͨΊͰ͋Δͱߟ͑ΒΕΔɻ·ͨɺαΠζͷখ͍͞ྖҬ
Ͱ͸ൃޫण໋͓Αͼྔࢠޮ཰ͱ΋ʹݮগ͍ͯ͠Δɻ͜Ε͸ද໘ܽؕͷ૿ՃʹΑΓඇൃޫաఔ͕
ࢧ഑తʹͳ͍ͬͯΔ͜ͱͱؔ܎͕༗Δͱߟ͑ΒΕΔɻଞͷՄೳੑͱͯ͠ɺD–AϖΞ࠶݁߹ʹ
ΑΔ Coulomb૬ޓ࡞༻ͷ૿େ͕ൃޫण໋ͷݮগʹد༩͍ͯ͠ΔՄೳੑ΋͋Δ [174]ɻ
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ਤ 1.18: ཻࢠαΠζͷҟͳΔ B, P ಉ࣌υʔϓ Si ྔࢠυοτͷ (a) ਅۭ४Ґ͔Βͷ HOMO,
LUMO, Fermi४Ґ [172]ɺ(b)ൃޫण໋ [166]ɺ(c)ൃޫྔࢠޮ཰ [166]ɻͨͩ͠ɺ(b)தͷ ͸
SiO2 ϚτϦοΫεதͷෆ७෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͷൃޫण໋Λࣔ͢ɻ
ΞτϜϓϩʔϒ෼ੳ (APT: atom probe tomography) ͱ͸ߴ͍ۭؒ෼ղೳͱײ౓Λ༗͢Δख
๏ͰɺඍখྖҬʹ͓͚ΔݩૉϚοϐϯά΍ೱ౓ϓϩϑΝΠϧΛಘΔ͜ͱ͕Ͱ͖Δɻਤ 1.19(a)
ʹ APT ʹΑΓಘΒΕͨ BPSG (borophosphosilicate glass) ϚτϦοΫεதͷ B, P ಉ࣌υʔϓ
Si ྔࢠυοτͷ 3 ࣍ݩݩૉϚοϐϯά૾Λࣔ͢ [175]ɻBPSGϚτϦοΫεதʹଟ਺ͷ Si ྔ
ࢠυοτ͕ܗ੒͞Ε͍ͯΔɻ1ͭͷ SiΫϥελʔʹண໨͢ΔͱɺB, P͕ಉ࣌υʔϐϯά͞Ε
͍ͯΔ͜ͱ͕Θ͔ΓɺB–PϖΞͷଘࡏ͕ࣔ͞Εͨɻਤ 1.19(b)ʹ BPSGϚτϦοΫεͱ Siྔ
ࢠυοτք໘ͷ໛ࣜਤ͓Αͼͦͷ෇ۙʹ͓͚Δ B, Pݪࢠͷೱ౓ϓϩϑΝΠϧΛࣔ͢ɻSiྔࢠ
υοτͱ BPSGϚτϦοΫεͷք໘Ͱ B, P͕ߴೱ౓ʹ෼෍͓ͯ͠Γɺಛʹ Bͷํ͕ΑΓք໘
Ͱೱ౓্͕ঢ͍ͯ͠Δɻ͜Ε͸ B, P ಉ࣌υʔϓ Si ྔࢠυοτͷද໘ʹ B Ϧον૚͕ܗ੒͞
Ε͍ͯΔ͜ͱΛ͍ࣔࠦͯ͠Δͱߟ͑ΒΕΔɻ·ͨɺXPSଌఆ΍ Ramanࢄཚଌఆ͔Β͸ B΍ P
͕ Siྔࢠυοτද໘ʹඇࢎԽ෺ͷঢ়ଶͰଟ͘ଘࡏ͠ɺSi݁থதͷஔ׵ܕαΠτʹυʔϓ͞Ε
͍ͯΔ͜ͱ͕Θ͔͍ͬͯΔ [176]ɻҎ্ͷ݁Ռ͔ΒɺB, Pಉ࣌υʔϓ Siྔࢠυοτͷද໘ʹ͸
B, PΛߴೱ౓ʹؚΉ਌ਫੑ Si݁থγΣϧ͕ܗ੒͞Ε͓ͯΓɺ͜ͷγΣϧ͕΋ͨΒ͢ෛͷද໘
ిҐ (θʔλిҐ: −35 mV at pH 7) ʹΑͬͯۃੑ༹ഔதͰ෼ࢄ͍ͯ͠Δͱߟ͑ΒΕΔɻ͜ͷ
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B, Pಉ࣌υʔϓγΣϧ͸ඇৗʹڧݻͰ͋Γɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍΋ͷ΍ෆ७෺୯ಠυʔ
ϓ Siྔࢠυοτʹൺ΂ͯߴϑοԽਫૉࢎ଱ੑΛࣔ͢ [167]ɻ
(box size: 59 x 59 x 111 nm3) 
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ਤ 1.19: (a) APTʹΑΓಘΒΕͨ BPSGϚτϦοΫεதͷ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ 3
࣍ݩݩૉϚοϐϯά૾ [175]ɻ֦େ෦෼͸ 1ͭͷ SiྔࢠυοτΛ͍ࣔͯ͠Δɻ(b) BPSGϚτ
ϦοΫεͱ Siྔࢠυοτͷք໘ͷ໛ࣜਤ͓Αͼͦͷ෇ۙʹ͓͚Δ B, Pݪࢠͷೱ౓ϓϩϑΝΠ
ϧ [175]ɻ
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ຊݚڀͷ໨త͸େ͖͘෼͚ͯ 2ͭ͋Γɺ1ͭ͸ B, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫϝΧχ
ζϜΛղ໌͢Δ͜ͱͰ͋Δɻલड़ͷ௨ΓɺB, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫΤωϧΪʔ͸
ෆ७෺Λυʔϓ͍ͯ͠ͳ͍΋ͷʹൺ΂ͯ ∼200 meV௿ΤωϧΪʔͰ͋Γɺൃޫ൒஋෯ʹ͍ͭͯ
͸໿ 2ഒϒϩʔυͰ͋Δɻͦͷൃޫىݯ͸ Siྔࢠυοτதͷෆ७෺ʹہࡏͨ͠ΩϟϦΞʹΑ
Δ D–AϖΞൃޫͰ͋Δͱߟ͑ΒΕΔ͕ɺͦΕΛܾఆ෇͚Δূڌ͸ಘΒΕ͍ͯͳ͍ɻຊݚڀͰ
͸ B, Pಉ࣌υʔϓ Siྔࢠυοτʹର͠୯Ұυοτ෼ޫ๏Λద༻͢Δ͜ͱʹΑΓɺൃޫಛੑ΁
ͷෆ७෺ͷد༩Λ໌Β͔ʹ͢Δ͜ͱΛݚڀ໨తͷ 1 ఺໨ͱ͢Δɻݚڀ໨తͷ 2 ఺໨͸ίϩΠ
υঢ় Siྔࢠυοτͷ͞ΒͳΔߴػೳԽͱߴੑೳԽͰ͋ΔɻίϩΠυঢ় SiྔࢠυοτΛόΠΦ
ϝσΟΧϧ෼໺΁Ԡ༻͢ΔͨΊʹ͸ੜମ෼ࢠͱͷΞϑΟχςΟɺͭ·Γ҆ఆͳԽֶ݁߹Λܗ੒
͢Δ͜ͱ͕ෆՄܽͰ͋Δɻͦ͜ͰɺSiྔࢠυοτද໘ʹϖϓνυ݁߹ͷ୲͍खͰ͋ΔΞϛϊج
΍ΧϧϘΩγϧجΛ຤୺ʹ࣋ͭ༗ػ෼ࢠΛम০͢Δ͜ͱͰɺੜମద߹ੑͷߴ͍ਫ෼ࢄੑۙ੺֎
ൃޫ SiྔࢠυοτΛ։ൃ͢Δɻ·ͨɺSiྔࢠυοτ͸ؒ઀ભҠܕ൒ಋମͰ͋Δ͜ͱʹىҼ͠
ͯՄࢹ–ۙ੺֎ҬͰͷٵऩ܎਺͕௿͍͜ͱ͕໰୊Ͱ͋ͬͨɻ͜ΕΛղܾ͢ΔͨΊʹ Geͱͷࠞ
থԽʹΑΓίϩΠυঢ় Si1−xGex ྔࢠυοτΛ։ൃ͢ΔɻB, Pͷಉ࣌υʔϐϯά͸ޫ෺ੑ͚ͩ
Ͱͳ͘ɺද໘ͷԽֶతੑ࣭΋੍ޚͰ͖Δख๏Ͱ͋Δ͜ͱ͔Βɺ͜ΕΛ Si1−xGex ྔࢠυοτʹ
ద༻͢Δ͜ͱͰίϩΠυঢ় Si1−xGex ྔࢠυοτ͕࡞੡ՄೳͰ͋Δͱߟ͑ΒΕΔɻຊ࿦จͷߏ
੒͸ҎԼͷ௨ΓͰ͋Δɻ
ୈ 2ষͰ͸ɺB, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұυοτ෼ޫʹ͍ͭͯड़΂Δɻ୯Ұυοτ
෼ޫ๏ͱ͸ɺݦඍڸʹΑΓඍখྖҬதͷ 1ͭͷྔࢠυοτ͔ΒͷൃޫΛ؍ଌ͢Δख๏Ͱ͋Δɻ
͜Ε·Ͱͷྔࢠυοτͷू߹ମʹର͢ΔൃޫଌఆͰ͸αΠζ෼෍΍ܗঢ়෼෍ɺද໘ঢ়ଶͳͲͷ
ෆۉҰੑΛؚΉ݁Ռ͔͠ಘΒΕͳ͍͕ɺ୯Ұυοτ෼ޫ๏ʹΑΓͦΕΒͷෆۉҰੑΛഉআͨ͠
৘ใΛಘΔ͜ͱ͕ظ଴Ͱ͖ΔɻຊݚڀͰ͸ B, Pಉ࣌υʔϓ Siྔࢠυοτʹରͯ͠ɺ୯Ұυο
τ෼ޫ๏Λద༻͢Δ͜ͱͰɺ୯Ұͷྔࢠυοτ͔ΒͷൃޫΛ؍ଌͨ͠ɻཻࢠαΠζ 2, 3, 4 nm
ͷ 3छྨͷ Siྔࢠυοτʹରͯ͠ 50ݸҎ্ଌఆΛߦͬͨɻ͍ͣΕͷࢼྉͰ΋ൃޫϐʔΫΤω
ϧΪʔͷ෼෍͸ྔࢠυοτू߹ମͷൃޫεϖΫτϧͱΑ͘Ұக͓ͯ͠Γɺྔࢠυοτू߹ମͷ
ൃޫεϖΫτϧ͕ݸʑͷྔࢠυοτͷൃޫͷॏͶ͋ΘͤͰߏ੒͞Ε͍ͯΔ͜ͱΛ͍ࣔͯ͠Δɻ
୯ҰྔࢠυοτͷൃޫεϖΫτϧͷ൒஋෯ (∼250 meV)͸ू߹ମͷ΋ͷ (∼400 meV)ʹൺ΂ͯ
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ڱ͍΋ͷͷɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͷ΋ͷ (∼100 meV)ʹൺ΂ͯ 2ഒఔ౓
޿͍ɻ௿Թ (77 K)ଌఆʹ͓͍ͯ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫ൒஋෯͸ґવ ∼250 meV
ͳͷʹରͯ͠ɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτ͸ 50 meVҎԼͰ͋Γɺݦஶͳ͕ࠩ
ݟΒΕͨɻ͜ͷઢ෯͕޿͍ཧ༝ͱͯ͠ɺྔࢠυοτ಺ͷ D–AϖΞʹہࡏͨ͠ΩϟϦΞͱɺSi
݁থͷ TOϑΥϊϯͱͷΧοϓϦϯά͕ߟ͑ΒΕΔɻB, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫε
ϖΫτϧͷ Huang-RhysҼࢠ͸ 2 < S < 5Ͱ͋ΓɺμΠϠϞϯυ݁থதͷ NVηϯλʔͱಉ౳
ͷ஋Ͱ͋Δɻ͜ͷ݁Ռ͔Β΋ɺD–AϖΞൃޫ΁ͷϑΥϊϯͷؔ༩͕ൃޫઢ෯ͷϒϩʔυχϯ
άʹӨڹ͍ͯ͠Δ͜ͱ͕ࣔࠦ͞ΕΔɻ
ୈ 3ষͰ͸ɺ༗ػ෼ࢠम০ʹΑΔਫ෼ࢄੑۙ੺֎ൃޫ Siྔࢠυοτͷ։ൃͱಛҟٵணੑʹ
͍ͭͯड़΂Δɻ౰ݚڀࣨͰ։ൃͨ͠ B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτ͸ਫ෼ࢄੑ΍ࡉ
๔ʹରͯ͠௿ಟੑΛࣔ͢΋ͷͷɺද໘͕ H, O, OHͰऴ୺͞Ε͍ͯΔͨΊʹɺԽֶ݁߹ʹΑΓ
ੜମ෼ࢠΛඪࣝԽ͢Δ͜ͱ͕ࠔ೉Ͱ͋Δɻ࡞੡௚ޙͷ Hऴ୺ Siྔࢠυοτʹରͯ͠ώυϩγ
ϦϧԽ൓ԠʹΑΓ༗ػ෼ࢠද໘म০Λߦͬͨɻੜମ෼ࢠͷ݁߹ͱͯ͠Ұൠతͳϖϓνυ݁߹Λ
ܗ੒͢Δ͜ͱΛ೦಄ʹɺΞϛϊج຤୺Λ༗͢ΔΞϦϧΞϛϯͱΧϧϘΩγϧج຤୺Λ༗͢ΔΞ
ΫϦϧࢎΛम০෼ࢠͱͯ͠༻͍ͨɻ࡞੡༹ͨ͠ӷ͸ԫ৭͘৭͍͓ͮͯΓɺಁ໌౓͕ߴ͘ɺཻࢠ
αΠζ͕ 4 nmఔ౓Ͱ͋Γɺද໘म০લޙͰ֎ݟͷมԽ͸ͳ͍ɻ੺֎ٵऩଌఆʹΑΓ AAm͓
Αͼ AAc෼ࢠ͕ Siྔࢠυοτද໘ʹम০͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻSi–C݁߹ͷϐʔΫڧ
౓͔Β Siྔࢠυοτͷද໘ੵͷ໿ 1% ͕෼ࢠम০͞Ε͍ͯΔ͜ͱ͕Θ͔ͬͨɻ͜Ε͸ׂ߹ͱ
ͯ͠ඇৗʹগͳ͍͕ɺੜମ෼ࢠಉ࢜ͷՍڮߏ଄ͷܗ੒Λ๷͙͜ͱ͕Ͱ͖ΔͨΊɺੜମ෼ࢠΛߴ
ޮ཰ʹඪࣝԽ͢Δ͜ͱ͕ՄೳͰ͋Δɻ1.5–1.6 eVͷۙ੺֎ྖҬʹൃޫΛࣔ͠ɺम০લޙͰൃޫ
ϐʔΫҐஔ͸େ͖͘มԽ͠ͳ͍ɻ͜Ε͸ྔࢠυοτද໘ʹܗ੒͞Εͨ B, Pߴೱ౓γΣϧߏ଄
ʹΑΓɺൃޫ͕ද໘ঢ়ଶʹಷײͰ͋Δ͜ͱΛ͍ࣔͯ͠Δͱߟ͑ΒΕΔɻ·ͨɺ࡞੡ͨ͠ Siྔ
ࢠυοτͷಛҟٵணಛੑධՁͱͯ͠ɺࣗݾ૊৫Խ୯෼ࢠບΛܗ੒ͨ͠ج൘্ʹݻఆԽ͢Δ࣮ݧ
Λߦͬͨɻද໘ੑঢ়͸ҟͳΔ͕ɺ͍ͣΕͷ෼ࢠΛम০ͨ͠৔߹΋ج൘্ʹ Siྔࢠυοτ͕ݻ
ఆԽ͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻಛʹɺΞΫϦϧࢎम০ SiྔࢠυοτΛݻఆԽͨ͠ج൘͔Β
͸༹ӷதͱ΄΅มԽͷͳ͍ൃޫΛ؍ଌͨ͠ɻҎ্ͷಛੑ͸όΠΦϝσΟΧϧԠ༻ʹཁٻ͞ΕΔ
৚݅Λ͢΂ͯຬͨ͢΋ͷͰ͋Γɺੜମద߹ੑʹ༏ΕͨίϩΠυঢ় Siྔࢠυοτͷ։ൃʹ੒ޭ
ͨ͠ͱ͍͑Δɻ
ୈ 4 ষͰ͸ɺB, P ಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑʹͭ
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͍ͯड़΂ΔɻSi͸ؒ઀ભҠܕ൒ಋମͰ͋Δ͜ͱʹىҼͯ͠ɺՄࢹ–ۙ੺֎ྖҬʹ͓͚Δٵऩஅ
໘ੵ͕খ͍͜͞ͱ͕໰୊Ͱ͋ͬͨɻ͜ΕΛղܾ͢ΔͨΊʹ Ge ͱͷࠞথԽͷΞϓϩʔνΛࢼ
ΈΔɻ౰ݚڀࣨͰ։ൃͨ͠ B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτͷख๏Λ Si1−xGex ྔࢠ
υοτʹ֦ுͨ͠ɻSi1−xGex ྔࢠυοτද໘΁ߴೱ౓ʹ B, P Λυʔϐϯάͨ͠਌ਫੑ݁থ
γΣϧΛܗ੒͢Δ͜ͱͰɺද໘म০ແ͠Ͱۃੑ༹ഔʹ෼ࢄ͢ΔίϩΠυঢ় Si1−xGex ྔࢠυο
τΛ։ൃͨ͠ɻ͜ͷίΞ–γΣϧܕ Si1−xGex ྔࢠυοτ͸૊੒ (0 ≤ x ≤ 0.81)ͱαΠζ (3–15
nm)ΛมԽͤ͞Δ͜ͱʹΑΓɺޫֶόϯυΪϟοϓΛ 0.8͔Β 3.7 eVɺൃޫΤωϧΪʔΛ 0.98
͔Β 1.6 eVͷ޿ൣғʹ੍ޚ͢Δ͜ͱ͕Ͱ͖ͨɻ͜ΕΒͷ͢΂ͯͷ૊੒͓ΑͼαΠζʹ͓͍ͯ
৭͍ͮͨಁ໌ੑͷߴ༹͍ӷͷ࡞੡ʹ੒ޭͨ͠ɻ·ͨɺSi1−xGex ྔࢠυοτͷٵऩஅ໘ੵ͸ಉ
ҰΤωϧΪʔྖҬʹ͓͚Δ Siྔࢠυοτͱൺ΂ͯ૿Ճ͓ͯ͠ΓɺՄࢹྖҬʹ͓͍ͯ 10−18 cm2
Φʔμʔͷٵऩஅ໘ੵΛୡ੒ͨ͠ɻ͞ΒʹɺXPSଌఆ΍ ICP-AESଌఆ͓Αͼ Ramanࢄཚଌ
ఆʹΑΓɺSi1−xGex ྔࢠυοτද໘ʹߴೱ౓ B, PΛؚΉ Si1−xGex ݁থγΣϧ͕ܗ੒͞Εͯ
͍Δ͜ͱΛ֬ೝͨ͠ɻ͜ΕΒͷ݁Ռ͸ɺෆ७෺υʔϐϯάʹΑΓද໘म০ແ͠Ͱۃੑ༹ഔʹҰ
ఆظؒ෼ࢄੑΛ༗͢Δۙ੺֎ൃޫίϩΠυঢ় Si1−xGex ྔࢠυοτͷ։ൃʹ੒ޭͨ͜͠ͱΛࣔ
͍ͯ͠Δɻ
࠷ޙʹɺୈ 5ষͰɺຊݚڀͷ·ͱΊΛड़΂Δɻ
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B, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұ
υοτ෼ޫ
2.1 ͸͡Ίʹ
όϧΫ Si݁থ͸ؒ઀ભҠܕͷόϯυߏ଄ʹىҼͯ͠ൃޫྔࢠޮ཰͕௿͍ͨΊɺSiϕʔεൃ
ޫσόΠεͷ࣮ݱ͸ࠔ೉Ͱ͋Δͱ͞Ε͖ͯͨɻ͔͠͠ɺSi ͷྭىࢠ Bohr ൒ܘ (∼5 nm) ΑΓ
ϙʔϥε Si͔ΒͷՄࢹҬൃޫ͕؍ଌ͞ΕͯҎདྷ [1]ɺSiྔࢠυοτ͸ޫిࢠσόΠε [2–5]΍
όΠΦΠϝʔδϯάɺόΠΦηϯγϯάʹ͓͚ΔൃޫϚʔΧʔ [6, 7]ͷࡐྉͱͯ͠஫໨͞Εͭ
ͭ͋ΔɻSi ྔࢠυοτͷൃޫಛੑΛ੍ޚ͢Δख๏ͱͯ͠ɺαΠζ [8, 9] ΍ද໘म০ [10, 11]ɺ
QD ද໘΁ͷ༗ػ෼ࢠʹΑΔԽֶυʔϐϯά [12]ɺஔ׵ܕαΠτ΁ͷෆ७෺υʔϐϯά͕ڍ
͛ΒΕΔɻۙ೥ɺޫిࢠσόΠε෼໺ʹ͓͍ͯ Siྔࢠυοτ΁ͷෆ७෺υʔϐϯάͷॏཁੑ
͕ೝࣝ͞Εͭͭ͋Γɺෆ७෺υʔϓ Siྔࢠυοτͷ։ൃʹؔ͢Δใࠂ͕૿͍͑ͯΔ [13–19]ɻ
͞Βʹɺཧ࿦ܭࢉʹ͓͍ͯ΋υʔϓͨ͠ෆ७෺ͷߏ଄తʹ҆ఆͳҐஔ΍ෆ७෺υʔϓ Siྔࢠ
υοτͷΤωϧΪʔ४Ґߏ଄ʹؔ͢Δใࠂ͕ͳ͞Ε͍ͯΔ [20–25]ɻ
ෆ७෺υʔϐϯά͸ Siྔࢠυοτͷ෺ཧతͳΤωϧΪʔ४Ґߏ଄͚ͩͰͳ͘ɺԽֶతͳಛ
ੑ΋มԽͤ͞Δ͜ͱ͕Ͱ͖Δɻྫ͑͹ɺB, PΛಉ࣌υʔϓͨ͠ Siྔࢠυοτ͸ߴೱ౓ B, PΛ
ؚΉද໘γΣϧߏ଄͕΋ͨΒ͢ෛͷද໘ిҐʹΑͬͯɺ༗ػ෼ࢠද໘म০ແ͠ʹۃੑ༹ഔʹߴ
͍෼ࢄੑΛࣔ͢ [26–29]ɻ·ͨɺߴ͍ਫ෼ࢄੑɺߴޮ཰ۙ੺֎ൃޫɺߴ͍ޫ҆ఆੑɺߴ͍ pH҆
ఆੑͳͲΛࣔ͢͜ͱ͔ΒɺB, Pಉ࣌υʔϓ Siྔࢠυοτ͸όΠΦΠϝʔδϯά΍όΠΦηϯ
γϯάԠ༻ʹ͓͍ͯ༗ػ৭ૉʹมΘΔൃޫࡐྉͱͯ͠ظ଴͞Ε͍ͯΔ [30]ɻ࣮ࡍʹɺB, P ಉ
࣌υʔϓ Siྔࢠυοτ͕͕Μࡉ๔ͷ in vitroʹ͓͚ΔܬޫΠϝʔδϯάʹ༗ޮͰ͋Δ͜ͱ͕Θ
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͔͍ͬͯΔ [31]ɻ
ୈ 1ষͰड़΂ͨ௨ΓɺB, Pಉ࣌υʔϓ SiྔࢠυοτͷΤωϧΪʔ४Ґߏ଄ʹ͓͚ΔαΠζ
ґଘੑ͸ɺൃޫଌఆ [32]ɺPYS ଌఆ [33]ɺՁిࢠଳ XPS ଌఆ [33] ʹΑͬͯ؍ଌ͞Εͨɻ͜
ΕΒͷଌఆ͔Β B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫىݯ͸υφʔ–ΞΫηϓλ४Ґؒͷޫֶ
ભҠͰ͋Δͱߟ͑ΒΕɺͦͷൃޫΤωϧΪʔ͸ಉҰαΠζͷෆ७෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠ
υοτʹൺ΂ͯ 200–300 meVఔ౓௿ΤωϧΪʔͰ͋Δɻ·ͨɺಉ࣌υʔϓ Siྔࢠυοτͷൃ
ޫण໋͸ 10–100 μsͰ͋Γɺෆ७෺υʔϓ͍ͯ͠ͳ͍΋ͷʹൺ΂ͯ 1ܻఔ౓ૣ͍ɻ
࣮ݧͱཧ࿦ͷൺֱʹΑΔෆ७෺υʔϓ Siྔࢠυοτͷޫֶಛੑͷղ໌͸ະͩे෼ͱ͸͍͑
ͳ͍ɻ͜Ε͸ෆ७෺υʔϓ SiྔࢠυοτͷޫֶԠ౴ʹɺαΠζ෼෍΍ܗঢ়෼෍ɺෆ७෺෼෍ɺ
ද໘ঢ়ଶͳͲΛ൓өͨ͠ෆۉҰ޿͕Γ (inhomogeneous broadening) ؚ͕·Ε͍ͯΔͨΊͰ͋
Δɻ࣮ࡍɺB, P ಉ࣌υʔϓ Si ྔࢠυοτͷൃޫ൒஋෯͸ෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Si ྔࢠ
υοτͷ൒஋෯ʹൺ΂ͯ޿͍͜ͱ͕Θ͔͍ͬͯΔ [34, 35]ɻ࣮ݧతΞϓϩʔνʹ͓͍ͯɺෆ
ۉҰ޿͕ΓΛআڈ͢ΔऔΓ૊Έ͕ͳ͞Ε͍ͯΔɻMastronardiΒ΍MillerΒ͸ີ౓ޯ഑௒ԕ৺
(DGU: density gradient ultracentrifugation)ʹΑΓ SiྔࢠυοτͷαΠζ෼཭ʹ੒ޭ͍ͯ͠Δ
[36, 37]ɻ͜Ε͸αΠζ෼෍ʹΑΔෆۉҰ޿͕ΓΛআڈ͢ΔͷʹޮՌతͰ͋Δ͕ɺྔࢠυοτ
தͷෆ७෺ͷҐஔ΍਺ʹΑΔෆۉҰ޿͕ΓΛ཈੍͢Δ͢Δͷ͸ࠔ೉Ͱ͋Δɻൃޫ൒஋෯ͷෆۉ
Ұ޿͕ΓΛഉআ͢Δํ๏ͱͯ͠ɺϗʔϧόʔχϯά෼ޫ [38, 39]΍ڞ໐ྭىൃޫ [40, 41]ɺ୯
Ұυοτ෼ޫ [42, 43] ͱ͍ͬͨ෼ޫֶతख๏͕ڍ͛ΒΕΔɻதͰ΋୯Ұυοτ෼ޫ๏͸ྔࢠ
υοτີ౓͕ඇৗʹ௿͍ࢼྉ (∼1ݸ/μm2)தͷ୯Ұྔࢠυοτ͔ΒͷൃޫΛ؍ଌ͢Δख๏Ͱ͋
Δɻෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτʹ͍ͭͯ͸୯Ұυοτ෼ޫʹؔ͢Δใࠂ͕ଟ਺
͋ΓɺࣨԹͷൃޫ൒஋෯͸ 100–200 meVఔ౓Ͱ͋Δ [44–55]ɻ௿ԹʹͳΔͱൃޫ൒஋෯͸ 80
KͰ 10–30 meV[47, 56]ɺ10 KͰ ∼200 μeV[57]·Ͱݮগ͠ɺSiͷ TOϑΥϊϯʹ൐͏αςϥ
ΠτϐʔΫ͕؍ଌ͞ΕΔ͜ͱ͕͋Δɻ·ͨ Siྔࢠυοτͷද໘ঢ়ଶʹΑͬͯ΋ൃޫ൒஋෯͸
มԽ͢Δ͜ͱ͕ใࠂ͞Ε͍ͯΔ [57]ɻ
ຊষͰ͸ɺB, P ಉ࣌υʔϓ Siྔࢠυοτͷൃޫىݯͷղ໌Λ໨తͱͯ͠ɺࣨԹͱ௿Թ (77
K)ʹ͓͍ͯ୯Ұυοτ෼ޫଌఆΛߦ͏ɻҟͳΔ੒௕Թ౓ʹΑͬͯαΠζ੍ޚͨ͠ 3छྨͷ B,
Pಉ࣌υʔϓ Siྔࢠυοτ (ฏۉ௚ܘ 2, 3, 4 nm)Λଌఆ͢Δɻෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Si
ྔࢠυοτͷ࣮ݧ݁Ռͱൺֱ͢Δ͜ͱͰɺB, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧͷ
ϒϩʔυχϯάͷݪҼʹ͍ͭͯߟ࡯͢Δɻ
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2.2 ࣮ݧํ๏
2.2.1 ࢼྉ࡞੡ํ๏
SiྔࢠυοτΛؚΉ BPSGค຤ࢼྉ࡞੡
SiྔࢠυοτΛຒΊࠐΜͩ BPSGബບ͸ɺಉ࣌εύολϦϯά๏ʹΑΓ࡞੡ͨ͠ɻ͜ͷํ
๏Ͱ͸ɺΞχʔϧԹ౓ (Ta) ΛมԽͤ͞Δ͜ͱʹΑΓɺཻࢠαΠζ (d) Λ੍ޚ͢Δ͜ͱ͕Ͱ͖
Δɻ͢ͳΘͪɺΞχʔϧԹ౓͕ߴ͍΄ͲɺཻࢠαΠζͷେ͖ͳ Siྔࢠυοτ͕੒௕͢Δɻ௚
ܘ 100 mm ͷ P2O5 Λ 5 wt.% ؚΉ SiO2 ম݁ମ্ʹɺSi νοϓ (10 × 15 mm2, ७౓ 99.99%
)ɺB2O3 λϒϨοτ (௚ܘ φ 
 10 mm) Λԁप্ʹରশʹ഑ஔ͠ɺRF Ϛάωτϩϯεύολ
Ϧϯά૷ஔ (ANELVA: SPF-210HS) Λ༻͍ͯಉ࣌εύολϦϯάΛߦͬͨɻͳ͓ɺج൘ʹε
ςϯϨεԁ൘ (ް͞ 0.1 mm,௚ܘ 80 mm)Λ༻͍ͯɺεύολϦϯάޙʹεςϯϨεԁ൘Λં
Γۂ͛ͯບΛണ཭ͯ͠ճऩͨ͠ɻຊݚڀͰ͸ɺεύολϦϯά࣌͸ج൘ΛՃ೤ͤͣɺ॥؀ਫ
ʹΑΓྫྷ٫ͨ͠ɻ࡞੡ͨ͠ Si–BPSG ࠞ߹ബບΛɺ؅ঢ়ిؾ࿍ (SANYO RIKAGAKU-KIKAI
SEISAKUSHO: SYK-460-MA)Λ༻͍ͯɺN2 งғؾத (2 L/min)Ͱ 30෼ؒΞχʔϧ͢Δ͜ͱ
ʹΑΓɺBPSG ϚτϦοΫεதʹ Si ྔࢠυοτΛ੒௕ͤͨ͞ɻΞχʔϧԹ౓͸ 1000, 1050,
1100 ◦CͰ͋ΔɻΞχʔϧऴྃޙ͸ −3.3 ◦C/minͷׂ߹Ͱ 700 ◦C·Ͱྫྷ٫ͦ͠ͷޙࣗવྫྷ٫
͠ɺ500 ◦CҎԼʹͳͬͨ࣌఺Ͱిؾ࿍͔ΒऔΓग़͢ɻͦͯ͠ɺࢼྉΛೕുͰคࡅ͠ค຤ঢ়ࢼྉ
Λಘͨɻͳ͓ɺࢼྉ࡞੡࣌ʹ༻͍ͨεύολϦϯά৚݅ɺΞχʔϧԹ౓౳ͷৄ͍͠ύϥϝʔλ
Λද 2.1ʹࣔ͢ɻಉ༷ͷखॱͰɺSiྔࢠυοτΛؚΉ SiO2 ബບ͸λʔήοτʹ SiO2 ϓϨʔ
τ (௚ܘ 100 mm,७౓ 99.99% )ͱ SiνοϓΛ༻͍ͯεύολϦϯάΛߦ͍ɺ1100 ◦CͰ೤Ξ
χʔϧ͢Δ͜ͱͰ࡞੡ͨ͠ɻ
ϝλϊʔϧΛ༹ഔͱ͢ΔίϩΠυঢ় Siྔࢠυοτࢼྉͷ࡞੡
࠷ॳʹɺϑοࢎਫ༹ӷΛ༻͍ͯ BPSGബບΛΤονϯάͨ͠ɻค຤ࢼྉ 20 mgΛ௒ߴ଎ԕ
৺ࣜΖաϢχοτ Vivaspin2 (sartorius stedim biotech: VS0202,෼ը෼ࢠྔ: 10 kDa,ݶ֎ບࡐ
࣭: polyethersulfone)ʹೖΕͨɻ͜ͷࡍɺϑΟϧλʹค຤͕ݻண͢ΔͷΛ๷͙ͨΊɺϑοࢎਫ
༹ӷ (Wako: 48 wt.% )Λઌʹ 0.5 mLՃ͔͑ͯΒɺค຤Λ౤ೖ͢Δɻͦͷޙɺϑοࢎਫ༹ӷͷ
૯ྔ͕ 1 mL ʹͳΔΑ͏ʹ͞ΒʹՃ͑ͯɺΖաϢχοτΛ௒Ի೾ચড়ػ (AS ONE: USD-3R,
200 W, High, 40 kHz)಺Ͱ 30෼֧ؒ፩ͨ͠ɻͳ͓ɺΖաϢχοτఈ໘ʹࢼྉ͕௜఼͢ΔͷΛ
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ද 2.1: BPSGϚτϦοΫεதʹຒΊࠐ·Εͨ Siྔࢠυοτͷค຤ࢼྉ࡞੡৚݅ɻ
εύολλʔήοτ Siνοϓ (10 × 15 mm2, 99.99% ) 4ຕ
PSGλʔήοτ (φ = 100 mm, 99.9% )
B2O3 λϒϨοτ (φ 
 10 mm) 4ݸ
ArΨεѹ 2.2 × 10−2 Torr
εύολύϫʔ 200 W
εύολ࣌ؒ 20෼ × 15ճ (20෼ؒεύολຖʹ 10෼ؒٳܜ)
ج൘ εςϯϨεԁ൘ (t = 0.1 mm, φ = 80 mm)
ΞχʔϧԹ౓ 1000, 1050, 1100 ◦C (30෼)
ྫྷ٫ํ๏ ঃྫྷ๏ (−3.3 ◦C/min)
N2 Ψεྲྀྔ 2 L/min
๷͙ͨΊɺ։࢝௚ޙɺ10෼ޙɺ30෼ޙʹͦΕͧΕςϑϩϯ੡εύνϡϥʹ֧ͯ፩ͨ͠ɻͦͷ
ޙɺϝλϊʔϧ (Wako: 99.7 wt.% ) Λ 1 mL Ճ͑ɺΖաϢχοτΛԕ৺෼཭ػ (KOKUSAN:
H–11N)Λ༻͍ͯɺԕ৺ΖաʹΑΓϑΟϧλʔ্෦ͷ༹ӷΛೱॖͨ͠ɻԕ৺෼཭͸ճస਺ 4000
rpmͰ 1෼ؒߦͬͨɻԕ৺ΖաޙɺΖաϢχοτͷϑΟϧλʔΛಁա༹ͨ͠ӷΛഇغͨ͠ɻ࠶
ͼϝλϊʔϧΛՃ͑ͯԕ৺෼཭Λߦ͍ɺಁա༹ӷΛഇغ͢Δ࡞ۀΛ 10ճఔ౓܁Γฦ͠ɺϑΟ
ϧλʔ্෦ͷ༹ӷ͔ΒϑοԽਫૉࢎΛ׬શʹআڈ͢Δɻಁաӷͷ pH͕ 4ఔ౓ʹͳͬͨͱ͜Ζ
ͰɺύεπʔϧϐϖοτͰϑΟϧλʔ্෦ͷ༹ӷΛ֧፩͠ɺճऩ͢Δɻճऩ༹ͨ͠ӷʹ͸एׯ
ͷڽू෺΍௜఼෺͕ੜ͡ΔͨΊɺԕ৺෼཭ (4000 rpm, 5෼)ʹΑΓɺ׬શʹڽू෺΍௜఼෺Λ
আڈ͢Δɻͳ͓ɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτ͸࡞੡௚ޙʹڽूͯ͠௜఼෺Λੜ
͡ΔͨΊɺԕ৺෼཭Λͤͣʹ༻͍Δɻ
2.2.2 ࢼྉධՁํ๏
ޫಁաεϖΫτϧଌఆ
ࢼྉͷޫಁա཰͸ಁաܕ෼ޫޫ౓ܭ (SHIMADZU: UV-3101PC)Ͱଌఆͨ͠ɻ͜ͷ૷ஔ͸μ
ϒϧϏʔϜํࣜͰɺϦϑΝϨϯεͱࢼྉͷٵऩΛಉ࣌ʹଌఆ͠ɺͦͷٵऩࠩΛͱΔ͜ͱʹΑͬ
ͯࢼྉͷಁա཰Λଌఆ͢Δɻଌఆൣғ͸ 200–1400 nmͱ͠ɺεϦοτ෯͸ 3 nmɺαϯϓϦϯ
άϐον͸ 1 nmɺεΩϟχϯάεϐʔυ͸த଎ (200 nm/min)ͱͨ͠ɻࢼྉ͸ίϩΠυ༹ӷΛ
ੴӳηϧʹೖΕͨ΋ͷΛ༻͍ɺϦϑΝϨϯεʹ͸ϝλϊʔϧΛೖΕͨੴӳηϧΛ༻͍ͨɻ·
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ͨɺ͋Β͔͡Ί ICP-AESଌఆʹΑΓٻΊͨݕྔઢΛ༻͍ͯɺ༹ӷͷೱ౓Λݟੵ΋ͬͨɻ
ಁաܕిࢠݦඍڸ؍࡯
Si ྔࢠυοτΛಁաܕిࢠݦඍڸ (TEM: transmission electron microscope) (JEOL:
JEM-2100F) Ͱ؍࡯ͨ͠ɻߴ෼ղೳ TEM ؍࡯ͷͨΊɺՃ଎ిѹ͸ 200 kVɺ֦େഒ཰͸ 40
ສഒͱ͢Δɻ؍࡯͢Δࢼྉ͸ɺಔϝογϡʹϑΥϧϜόʔϧΛ੒ບ͠ΧʔϘϯίʔτͰิڧ͞
Εͨ TEM؍࡯༻ࢧ࣋ບ্ʹɺ༹ӷΛ 1ణణԼͯ͠࡞੡ͨ͠ɻ
ݪࢠؒྗݦඍڸଌఆ
ྔࢠυοτؒͷڑ཭͸୯Ұυοτ෼ޫΛߦ͏্ͰॏཁͰ͋Δɻൃޫ೾௕Λ౿·͑Δͱɺྔࢠ
υοτ͕ؒ 1 μm Ҏ্ඞཁͰ͋Δɻج൘ʹణԼ͢ΔྔࢠυοτίϩΠυͷೱ౓ͱణԼྔΛܾ
ఆ͢ΔͨΊʹݪࢠؒྗݦඍڸ (AFM: atomic force microscope)ଌఆΛߦͬͨɻଌఆʹ͸ɺPark
Systems: NX10Λ༻͍ͨɻࢼྉ͸೤ࢎԽ Si(ࢎԽບް: 800 nm, ج൘αΠζ: 7×7 cm2)ج൘্
ʹΞχʔϧԹ౓ 1050 ◦CͷίϩΠυঢ় Siྔࢠυοτ (∼1 μg/mL, 1.5 μL)ΛణԼɺס૩ͨ͠΋
ͷΛ༻͍ͨɻ
୯Ұυοτ෼ޫଌఆ
Charles University in Prague ʹ͓͍ͯ Jan Valenta ڭत͓Αͼ Anna Fucikova ॿڭͷڠྗ
ͷԼɺ୯Ұυοτ෼ޫଌఆΛߦͬͨɻਤ 2.1 ʹ୯Ұυοτ෼ޫଌఆܥͷུ֓ਤΛࣔ͢ɻ౗ཱ
ܬޫݦඍڸ (Olympus: IX-71) ʹ஠ૉྫྷ٫ཪ໘রࣹܕ CCD (charge coupled device) (Princeton
Instrument: Spec-10:400B) Λ౥ࡌͨ͠෼ޫث (Acton: SP-2300i) Λ૊Έ߹ΘͤͨଌఆܥͰ͋
Δɻྭىʹ͸ 405 nm ͷ൒ಋମϨʔβʔ (Omicron: LDM405.120.CWA.L) Λ༻͍ɺয఺ڑ཭
50 mmͷϨϯζ (Thorlabs)Λ௨աͯ͠ݦඍڸͷόοΫϙʔτ͔Βಋೖ͞ΕΔɻ͜ͷϨϯζΛ
ࢼྉͷয఺໘͔ΒͣΒͯ͠഑ஔ͢Δ͜ͱͰɺج൘্Ͱͷྭى໘ੵ͕޿͕ΔͷͰɺಉ࣌ʹෳ਺ͷ
ྔࢠυοτ͔Βͷൃޫ͕ଌఆՄೳͱͳΔɻࢼྉ্ͷྭى͞ΕͨྖҬͷ௚ܘ͸໿ 94 μmͰ͋Δɻ
όοΫϙʔτ͔Βಋೖ͞Εͨྭىޫ͸ 500 nmͷμΠΫϩΠοΫϩϯάύεϛϥʔ (Edmund)
ʹΑΓ௓Ͷ্͛ΒΕɺର෺Ϩϯζ (ࣨԹଌఆ: 100×/0.8,௿Թଌఆ: 40×/0.6)Λ௨ͯ͠ࢼྉʹর
ࣹ͞ΕΔɻࢼྉ͸ίϩΠυঢ় Siྔࢠυοτ (1–10 mg/mL, 1.5 μL)Λ UV-O3 ॲཧͨ͠ੴӳج
൘ (1.5×1.5 cm2, ࣨԹଌఆ)͋Δ͍͸೤ࢎԽ Siج൘ (1×1 cm2, ௿Թଌఆ)ʹణԼͨ͠΋ͷΛ༻
͍ɺణԼ͸ج൘ͷ୺ʹߦ͏͜ͱͰج൘ͷத৺ʹྔࢠυοτ͕࢒ΔΑ͏ʹͨ͠ɻࣨԹଌఆ࣌͸
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ࣗಈ XYεςʔδ (Märzhäuser: TANGO Desktop)ʹࢼྉΛݻఆ͠ɺ௿Թଌఆ࣌͸ӷମ஠ૉϑ
ϩʔΫϥΠΦελοτ (Janis: ST-500)಺ʹࢼྉΛۜϖʔετͰݻఆͯ͠ 77 K·Ͱྫྷ٫ͨ͠ɻ
ݕग़ޫ͸ɺର෺ϨϯζɺμΠΫϩΠοΫϛϥʔΛ௨ա͠ɺݦඍڸͷαΠυϙʔτ͔Β୤ग़ͯ͠ɺ
෼ޫثεϦοτ্ʹΠϝʔδ͕సૹ͞ΕΔɻεϖΫτϧଌఆ࣌ͷ෼ޫثεϦοτ෯͸ 150 μm
ͱ͠ɺάϨʔςΟϯά͸ 300 g/mm,ϒϨʔζ೾௕ 500 nmͷ΋ͷΛ༻͍ͨɻ͜ͷ೾௕ྖҬͰͷ
෼ղೳ͸໿ 3 meVͰ͋ΔɻଌఆΑΓಘΒΕͨൃޫεϖΫτϧ͸ɺλϯάεςϯඪ४ϥϯϓΛ
༻͍ͯಘΒΕͨ෼ޫײ౓ͷิਖ਼܎਺Λֻ͚ͯิਖ਼ͨ͠ɻͳ͓ɺج൘ͷࢄཚΠϝʔδΛ؍࡯͢Δ
ࡍʹ͸ϋϩήϯϥϯϓΛ൓ࣹর໌ͱͯ͠༻͍ɺ઀؟ϨϯζΛ௨ͯ͠໨ࢹͨ͠ɻ
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ਤ 2.1: ୯Ұυοτ෼ޫଌఆܥͷུ֓ਤɻ఺ઢͰࣔͨ͠ܦ࿏͸ج൘ͷࢄཚΠϝʔδΛ؍࡯͢Δ
ࡍʹ࢖༻ͨ͠ɻ
୯Ұυοτ෼ޫଌఆ๏ʹ͍ͭͯखॱΛઆ໌͢Δɻ
(1) ໨ҹʹͳΔൺֱతେཻ͖͍ࢠ͕͋ΔྖҬ΋͘͠͸ɺج൘ͷΤοδ෦෼ʹࢼྉεςʔδΛҠ
ಈͤ͞ɺج൘ͷࢄཚΠϝʔδΛ໨ࢹʹΑΓ֬ೝ͠ɺݦඍڸͷௐઅͶ͡ͰϑΥʔΧεΛ߹Θ
ͤͨɻੴӳͳͲͷՄࢹޫಁաੑͷߴ͍ج൘ͷ৔߹ɺཪ໘ʹϑΥʔΧε͕߹͏৔߹͕͋Δͷ
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Ͱ஫ҙ͢Δɻ
(2) ෼ޫγεςϜʹϙʔτΛ੾Γସ͑ͯ CCD্ͰൃޫΠϝʔδΛ؍࡯͠ɺਫ਼ີʹϑΥʔΧε
߹Θͤͨɻ͜ͷͱ͖෼ޫثೖޱεϦοτ͸શ։ʹ͠ɺάϨʔςΟϯάͷத৺೾௕Λ 0 nm
ʹઃఆͯ͠ϛϥʔͱͯ͠༻͍ͨɻͦͷޙɺ෼ޫثεϦοτ্ʹ໨తͷྔࢠυοτ͕ೖΔΑ
͏ʹࢼྉεςʔδΛҠಈͤͨ͞ (ਤ 2.2(a))ɻ͜ͷͱ͖ͷଌఆ৚݅ͷ໨҆͸ɺྭىڧ౓ 10
W/cm2ɺಡΈग़͠प೾਺ 1 MHz (FAST)ɺ1Πϝʔδ͋ͨΓͷ࿐ޫ࣌ؒ 10 sͰ͋ΔɻޙͰ
ൃޫεϖΫτϧΠϝʔδͱରԠͤ͞ΔͨΊɺ෼ޫثεϦοτΛ 150 μmʹ੍ݶ͠ɺಡΈग़
͠प೾਺ 100 kHz (SLOW)ɺ࿐ޫ࣌ؒ 60 sఔ౓ʹͯ͠ൃޫΠϝʔδΛࡱӨͨ͠ɻ෼ޫثε
Ϧοτ෯͸Πϝʔδ্ͷཻࢠ 1ͭ෼͕ೖΔఔ౓ʹઃఆ͢Δͷ͕໨҆Ͱ͋Δɻ
(3) ൃޫεϖΫτϧΠϝʔδଌఆ (ਤ 2.2(b)) ͷͨΊɺάϨʔςΟϯάΛ໨తͷத৺೾௕
(700–800 nm)ʹઃఆͨ͠ɻ͜ͷͱ͖ͷଌఆ৚݅ͷ໨҆͸ɺྭىڧ౓ 1 W/cm2ɺಡΈग़͠प
೾਺ 100 kHz (SLOW)ɺ1Πϝʔδ͋ͨΓͷ࿐ޫ࣌ؒ 10 minͰ͋ΔɻϊΠζ௿ݮͷͨΊɺ
೾௕ํ޲ʹ 2–5ఔ౓ͷ binningΛ͔͚ΔͱΑ͍ɻ
(4) ൃޫεϙοτ (ਤ 2.2(a))ͱରԠ͢Δਤ 2.2(b)্ͷൃޫεϖΫτϧΠϝʔδ͔Βॎํ޲ͷϐ
Ϋηϧ 4 pixel ఔ౓ΛεϖΫτϧͱͯ͠੾Γग़ͨ͠ɻಉ࣌ʹޫ͍ͬͯͳ͍෦෼΋ಉ͡෯Ͱ
औΓग़͠ɺόοΫάϥ΢ϯυͷσʔλͱͯ͠༻͍ͨɻ͜ΕΒͱิਖ਼܎਺Λ༻͍Δ͜ͱͰɺ
ൃޫεϖΫτϧ (ਤ 2.2(c))͕ಘΒΕΔɻͳ͓ɺຊݚڀͰ༻͍ͨࢼྉ͸ج൘্ͷྔࢠυοτ
ͷҐஔ͕ϥϯμϜͰ͋ΔͨΊɺࣨԹଌఆͱ௿ԹଌఆͰಉҰཻࢠ͔ΒͷൃޫΛ؍ଌ͢Δ͜ͱ
͸Ͱ͖ͳ͔ͬͨɻ
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ਤ 2.2: ୯Ұυοτ෼ޫଌఆ๏ɻ(a) SiO2 ج൘্ͷ୯Ұ SiྔࢠυοτͷൃޫΠϝʔδɻ(b)ൃޫ
͍ͯ͠Δ୯Ұ SiྔࢠυοτͷൃޫεϖΫτϧΠϝʔδɻ(c) ୯Ұ SiྔࢠυοτͷൃޫεϖΫ
τϧɻ
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2.3 ࣮ݧ݁Ռɾߟ࡯
2.3.1 B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτͷجૅ෺ੑ
ຊݚڀͰ͸ΞχʔϧԹ౓͢ͳΘཻͪࢠαΠζͷҟͳΔ 3 ͭͷࢼྉʹ͍ͭͯධՁΛߦ͏ɻҎ
ޙɺΞχʔϧԹ౓ʹରԠͯ͠ T1000, T1050, T1100ͱݺͿɻਤ 2.3(a)ʹ࡞੡ͨ͠ B, Pಉ࣌υʔ
ϓίϩΠυঢ় Siྔࢠυοτ༹ӷͷޫಁաεϖΫτϧ͓ΑͼࣸਅΛࣔ͢ɻ͍ͣΕͷࢼྉͰ΋௕
೾௕ྖҬͰ 90%Ҏ্ͷಁա཰Ͱ͋ΓɺࢄཚΛ΋ͨΒ͢ڽूମ͕ଘࡏ͠ͳ͍͜ͱΛ͍ࣔͯ͠Δɻ
࡞੡༹ͨ͠ӷ͸ೱ͘৭͍͓ͮͯΓɺഎܠͷจࣈ͕͸͖ͬΓݟ͑Δ΄Ͳಁ໌౓͕ߴ͍͜ͱ͕Θ͔
Δɻਤ 2.3(b) ʹ B, P ಉ࣌υʔϓίϩΠυঢ় Si ྔࢠυοτ (T1100) ͷߴ෼ղೳ TEM ૾Λࣔ
͢ɻSi݁থͷ {111}໘ʹରԠ͢Δ֨ࢠࣶ (֨ࢠ໘ִؒ: 0.314 nm)͕ݟΒΕΔ͜ͱ͔ΒɺSiͷ୯
݁থ͕Ͱ͖͍ͯΔ͜ͱ͕Θ͔Δɻ·ͨɺTEM؍࡯ͷ݁Ռɺ3࣍ݩతͳڽू෺͕؍ଌ͞Εͳ͔ͬ
ͨ͜ͱ͔Β Siྔࢠυοτ͸ϝλϊʔϧ༹ഔதͰ׬શͳ෼ࢄମΛͳ͍ͯ͠Δͱߟ͑ΒΕΔɻਤ
2.3(c)ʹ B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτͷ੺֎ٵऩεϖΫτϧ (࡞੡͔Β 3ϲ݄ޙ)
Λࣔ͢ɻ1080 cm−1 ෇ۙͷ࠷΋ڧ͍ϐʔΫ͸ Si–O–Si ͷ assymetric stretching vibration Ϟʔ
υʹରԠ͍ͯ͠Δɻଞͷऑ͍ϐʔΫ͸ͦΕͧΕ H–O–H bending (1600–1750 cm−1), B–O–B
stretching (1300–1500 cm−1), Si–OH stretching (800–900 cm−1), Ox–Si–Hy bending (800–900
cm−1), Si–O–Si rocking (480 cm−1)ϞʔυʹରԠ͍ͯ͠ΔɻҎ্ͷ݁Ռ͔Βɺ௕ظؒϝλϊʔ
ϧதͰอ؅ͨ͠ Siྔࢠυοτͷද໘͸େ෦෼͕ࢎԽ͞Ε͍ͯΔ͜ͱ͕Θ͔Δɻ
2ͭͷҟͳΔྔࢠυοτؒͷڑ཭ (dNC−NC) Λ੍ޚ͢Δ͜ͱ͸୯Ұυοτ෼ޫΛߦ͏্Ͱॏ
ཁͰ͋Δɻൃޫ೾௕ (λ) Λߟྀͨ͠ݦඍ෼ޫ (։ޱ਺ NA)ʹ͓͚Δۭؒ෼ղೳͷ৚݅ [58]͸
dNC−NC ≥ 1.22λ2NA (2.1)
Ͱܾఆ͞ΕΔɻྫ͑͹ɺλ = 800 nm, NA = 0.8ͷ৔߹ɺྔࢠυοτؒڑ཭͸ dNC−NC ≥ 610 nm
ඞཁͰ͋Δɻਤ 2.4(a)ʹ SiྔࢠυοτΛణԼͨ͠೤ࢎԽ Siج൘ͷද໘ܗঢ়૾Λࣔ͢ɻࢼྉ͸
೤ࢎԽ Siج൘্ʹίϩΠυঢ় Siྔࢠυοτ (T1050: ∼1 μg/mL, 1.5 μL)ΛణԼɺס૩ͨ͠΋
ͷͰ͋Δɻྔࢠυοτಉ͕࢜ڽू͢Δ͜ͱͳ͘ɺݽཱͯ͠ଘࡏ͓ͯ͠Γɺ୯Ұυοτ෼ޫʹద
ͨ͠ࢼྉͰ͋Δͱ͍͑Δɻ༹ӷͷυϩοϓίʔςΟϯάͱ͍͏؆ศͳख๏Ͱࢼྉ࡞੡Ͱ͖Δ఺
Ͱ B, P ಉ࣌υʔϓίϩΠυঢ় Si ྔࢠυοτ͸༏Ε͍ͯΔɻ500 nm ࢛ํʹ 10 ݸఔ౓ͷཻࢠ
͕֬ೝͰ͖Δɻ·ͨɺߴ͞ϓϩϑΝΠϧ (ਤ 2.4(b))͔Β͸αΠζ͕ 2–3 nmͷཻࢠ͕֬ೝͰ͖
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ਤ 2.3: B, P ಉ࣌υʔϓίϩΠυঢ় Si ྔࢠυοτͷ (a) ޫಁաεϖΫτϧɺ(a:inset) ࣸਅ
(T1100)ɺ(b)ߴ෼ղೳ TEM૾ (T1100)ɺ(c)੺֎ٵऩεϖΫτϧɻ
Δɻ͜Ε͸ T1050ͷαΠζ෼෍಺ (ฏۉ௚ܘ 2.7 nm)ʹ͋Δ͜ͱ͔Βɺج൘্ͷཻࢠ͸ Siྔ
ࢠυοτͰ͋Δɻ
2.3.2 B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫಛੑ
ྔࢠυοτू߹ମͷൃޫεϖΫτϧ
ਤ 2.5(a)ʹϝλϊʔϧதʹ෼ࢄͨ͠ B, Pಉ࣌υʔϓ Siྔࢠυοτू߹ମͷن֨Խͨ͠ൃޫ
εϖΫτϧΛࣔ͢ɻՄࢹ͔Βۙ੺֎ྖҬʹϐʔΫΛ࣋ͪɺ͔ͭ Gaussianܗঢ়ͷϒϩʔυͳൃ
ޫεϖΫτϧ͕ಘΒΕͨɻࠓճ༻͍ͨ T1000, T1050, T1100ͷࢼྉ͸ͦΕͧΕཻࢠͷฏۉ௚ܘ
͕ 2, 2.7, 3.5 nmͰ͋ΔɻൃޫͷϐʔΫΤωϧΪʔ͸ཻࢠαΠζͷݮগʹ൐ͬͯߴΤωϧΪʔ
γϑτ͍ͯ͠ΔɻB, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫΤωϧΪʔ͸ಉҰαΠζͷෆ७෺υʔ
ϓ͍ͯ͠ͳ͍΋ͷʹൺ΂ͯɺ਺ඦ meVఔ౓খ͍͜͞ͱ͕Θ͔͍ͬͯΔ [32]ɻ͜ͷ݁Ռ͸ൃޫ
ͷىݯ͕υφʔ४ҐͱΞΫηϓλ४ҐؒͷޫֶભҠʹΑΔ΋ͷͰ͋Δ͜ͱΛ͍ࣔࠦͯ͠Δͱߟ
͑ΒΕΔ [33]ɻ·ͨɺൃޫͷ൒஋෯͸ ∼400 meVఔ౓Ͱ͋Γɺ͜Ε͸ෆ७෺υʔϓ͍ͯ͠ͳ͍
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ਤ 2.4: (a) B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτ (T1050)ΛణԼͨ͠೤ࢎԽ Siج൘ͷද໘
ܗঢ়૾ɻ(b) (a)தͷ੺ઢʹ͓͚Δߴ͞ϓϩϑΝΠϧɻଌఆ஋ͷ͏ͪͷ࠷௿఺ʹ͓͚Δߴ͞ΛΦ
ϑηοτͱͯ͠Ҿ͖ࢉ͍ͯ͠Δɻ
΋ͷʹൺ΂ͯ 1.5–2ഒఔ౓ϒϩʔυͰ͋Δ [34, 35]ɻਤ 2.5(b)ʹੴӳج൘্ͷ B, Pಉ࣌υʔϓ
Si ྔࢠυοτू߹ମͷن֨Խͨ͠ൃޫεϖΫτϧΛࣔ͢ɻྔࢠυοτू߹ମͷεϖΫτϧ͸
100ݸఔ౓ͷཻࢠΛؚΉྔࢠυοτͷू߹ମ͔ΒಘΒΕͨൃޫεϖΫτϧͰ͋ΔɻT1050ͷࢼ
ྉͰ͸ྔࢠυοτू߹ମͷൃޫϐʔΫΤωϧΪʔ͸ 1.59 eVɺ൒஋෯͸ 426 meVͰ͋Γɺϝλ
ϊʔϧதʹ෼ࢄͨ͠ Siྔࢠυοτͷൃޫͱ΄΅Ұக͍ͯ͠Δɻ͍ͣΕͷࢼྉʹ͓͍ͯ΋༹ӷ
தͱେؾதͰൃޫϐʔΫҐஔͷมԽ͸΄΅ͳ͘ɺεϖΫτϧܗঢ়ͷมԽ͸ݟΒΕͳ͍ɻ͜ͷ݁
Ռ͸ఆੑతʹաڈͷใࠂͱҰக͓ͯ͠Γ [32]ɺB, Pಉ࣌υʔϓ Siྔࢠυοτ͕पғͷঢ়گʹ
ಷײͰ͋Δ͜ͱΛ͍ࣔͯ͠ΔɻҰൠʹ༗ػ෼ࢠम০͞Εͨ Siྔࢠυοτͷൃޫಛੑ͸༹ӷத
ͱେؾதͰେ͖͘มԽ͢ΔͨΊɺB, Pಉ࣌υʔϓ Siྔࢠυοτ͸ۃΊͯ҆ఆͰ͋Δͱ͍͑Δɻ
ঘɺ1.2 eVҎԼͷΤωϧΪʔྖҬͰൃޫڧ౓͕௿͍ͷ͸ݕग़ܥʹ CCDΛ༻͍͓ͯΓɺۙ੺֎
Ҭͷײ౓͕௿͍ͨΊͰ͋Δɻ
Siྔࢠυοτͷ୯ҰυοτൃޫεϖΫτϧ
ਤ 2.6(a), 2.7(a), 2.8(a) ʹࣨԹʹ͓͚Δ B, P ಉ࣌υʔϓ Si ྔࢠυοτ͔Βͷ୯Ұυοτൃ
ޫεϖΫτϧΛࣔ͢ɻ୯ҰυοτͷൃޫεϖΫτϧ͸ Gaussianؔ਺ʹΑΓϑΟοςΟϯάΛ
ߦ͍ͬͯΔɻ୯Ұྔࢠυοτ͔Β؍ଌ͞ΕͨൃޫεϖΫτϧ͸ू߹ମͷൃޫεϖΫτϧͷൣғ
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ਤ 2.5: (a)ϝλϊʔϧதʹ෼ࢄͨ͠ɺ(b)ੴӳج൘্ͷ B, Pಉ࣌υʔϓ Siྔࢠυοτू߹ମͷ
ن֨Խͨ͠ൃޫεϖΫτϧɻ
಺Ͱ͋Γɺ൒஋෯͸ڱ͍ɻͭ·Γɺӷத΍ू߹ମͰ؍ଌ͞ΕΔಉ࣌υʔϓ Siྔࢠυοτͷϒ
ϩʔυͳൃޫ͸ϐʔΫΤωϧΪʔͷҟͳΔྔࢠυοτʹΑΔൃޫͷॏͶ͋ΘͤͰߏ੒͞Ε͍ͯ
Δ͜ͱ͕Θ͔Δɻਤ 2.6(b), 2.7(b), 2.8(b)ʹ௿Թ (77 K)ʹ͓͚Δ B, Pಉ࣌υʔϓ Siྔࢠυο
τ͔Βͷ୯ҰυοτൃޫεϖΫτϧΛࣔ͢ɻ௿ԹଌఆͰ୯Ұྔࢠυοτ͔Β؍ଌ͞ΕΔൃޫ͸
ࣨԹଌఆಉ༷ɺू߹ମͷൃޫεϖΫτϧͷൣғ಺Ͱ͋Γɺ൒஋෯͸ڱ͘ͳ͍ͬͯΔɻ·ͨɺ77
Kʹ͓͚Δྔࢠυοτू߹ମͷൃޫεϖΫτϧ͸ 1.66 eVͰ͋ΓɺࣨԹͱൺ΂ͯߴΤωϧΪʔ
γϑτ͍ͯ͠Δɻ௿Թʹ͓͚Δൃޫ൒஋෯͸ 389 meVͰ͋ΓɺࣨԹͱͷେ͖ͳมԽ͸ݟΒΕ
ͳ͔ͬͨɻ
୯Ұ SiྔࢠυοτͷൃޫεϖΫτϧ͸ू߹ମͷεϖΫτϧͱൺ΂ͯඇৗʹڱ͘ͳ͍ͬͯΔɻ
ਤ 2.7(a)ͷൃޫ൒஋෯͸ 223–290 meVͰ͋Γɺू߹ମͷ໿൒෼ఔ౓Ͱ͋ΔɻൃޫϐʔΫΤω
ϧΪʔ͸ྔࢠυοτ͝ͱʹҟͳ͍ͬͯΔ͕ɺ͢΂ͯͷεϖΫτϧ͸ू߹ମͷϒϩʔυͳൃޫό
ϯυͷ಺෦ʹҐஔ͍ͯ͠Δɻ·ͨɺ௿Թʹ͓͚Δ୯Ұྔࢠυοτͷൃޫ൒஋෯͸ࣨԹͷ݁Ռ
ಉ༷ɺू߹ମʹൺ΂ͯඇৗʹڱ͘ͳ͍ͬͯΔɻਤ 2.9ʹෆ७෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠυο
τͷ୯ҰυοτൃޫεϖΫτϧΛࣔ͢ɻಉ࣌υʔϓ Si ྔࢠυοτͱൺֱͯ͠൒஋෯͸ڱ͘ɺ
50–200 meVఔ౓Ͱ͋ͬͨɻ
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ਤ 2.6: (a) ࣨԹɺ(b) ௿Թ (77 K) ʹ͓͚ΔҟͳΔ B, P ಉ࣌υʔϓ Si ྔࢠυοτ (T1000) ͷ
ن֨Խͨ͠୯ҰυοτൃޫεϖΫτϧɻൃޫεϖΫτϧ͸ Gaussianؔ਺ͰϑΟοςΟϯάΛ
ߦͬͨɻൺֱͷͨΊɺྔࢠυοτू߹ମͷൃޫεϖΫτϧΛϓϩοτ͍ͯ͠Δɻ
48 ୈ 2ষ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұυοτ෼ޫ
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ਤ 2.7: (a) ࣨԹɺ(b) ௿Թ (77 K) ʹ͓͚ΔҟͳΔ B, P ಉ࣌υʔϓ Si ྔࢠυοτ (T1050) ͷ
ن֨Խͨ͠୯ҰυοτൃޫεϖΫτϧɻൃޫεϖΫτϧ͸ Gaussianؔ਺ͰϑΟοςΟϯάΛ
ߦͬͨɻൺֱͷͨΊɺྔࢠυοτू߹ମͷൃޫεϖΫτϧΛϓϩοτ͍ͯ͠Δɻ
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ਤ 2.8: (a) ࣨԹɺ(b) ௿Թ (77 K) ʹ͓͚ΔҟͳΔ B, P ಉ࣌υʔϓ Si ྔࢠυοτ (T1100) ͷ
ن֨Խͨ͠୯ҰυοτൃޫεϖΫτϧɻൃޫεϖΫτϧ͸ Gaussianؔ਺ͰϑΟοςΟϯάΛ
ߦͬͨɻൺֱͷͨΊɺྔࢠυοτू߹ମͷൃޫεϖΫτϧΛϓϩοτ͍ͯ͠Δɻ
50 ୈ 2ষ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұυοτ෼ޫ
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ਤ 2.9: ࣨԹʹ͓͚ΔҟͳΔෆ७෺υʔϓ͍ͯ͠ͳ͍୯Ұ Siྔࢠυοτͷن֨Խͨ͠ൃޫεϖ
ΫτϧɻൃޫεϖΫτϧ͸ Gaussianؔ਺ͰϑΟοςΟϯάΛߦͬͨɻ
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୯ҰυοτൃޫεϖΫτϧͷॾ෼෍
ਤ 2.10(a–c)ʹࣨԹʹ͓͚Δ֤ࢼྉͷൃޫϐʔΫΤωϧΪʔͷ෼෍Λࣔ͢ɻൺֱͷͨΊɺྔ
ࢠυοτू߹ମͷൃޫεϖΫτϧ΋ࡌ͍ͤͯΔɻσʔλ͸ 50 ݸҎ্ͷ Si ྔࢠυοτ͔Βಘ
͍ͯΔɻൃޫϐʔΫΤωϧΪʔͷ෼෍͸ྔࢠυοτू߹ମͷൃޫεϖΫτϧͱΑ͘Ұக͍ͯ͠
Δɻ͜ͷ݁Ռ͸ྔࢠυοτू߹ମͷൃޫεϖΫτϧ͕ݸʑͷྔࢠυοτͷൃޫͷॏͶ͋ΘͤͰ
Ͱ͖͍ͯΔ͜ͱΛ͍ࣔͯ͠Δɻਤ 2.10(d–f)ʹ 77Kʹ͓͚Δ֤ࢼྉͷൃޫϐʔΫΤωϧΪʔͷ
෼෍Λࣔ͢ɻࣨԹʹൺ΂ͯɺΘ͔ͣʹߴΤωϧΪʔγϑτ͍ͯ͠ΔɻࠓճಘΒΕͨଌఆ஋͸ද
2.2ʹ·ͱΊͯ͋Δɻ
ਤ 2.11ʹ୯Ұྔࢠυοτͷൃޫ൒஋෯ͷ෼෍Λࣔ͢ɻ͢΂ͯͷࢼྉͰɺ൒஋෯͸޿͘෼෍
͍ͯ͠ΔɻࣨԹʹ͓͍ͯɺ൒஋෯͸࠷େ ∼350 meVɺ࠷খ ∼100 meV Ͱ͋Δɻฏۉ൒஋෯͸
∼250 meVͰ͋ΓɺಉҰൃޫྖҬʹ͓͍ͯෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͷաڈͷ
ใࠂ [45–47, 50, 52]ΑΓ൒஋෯͸޿͍ɻT1050ͱ T1100ʹ͓͍ͯɺࣨԹͱ௿Թͱ΋ʹେ͖ͳ
มԽ͸ݟΒΕͳ͔ͬͨɻҰํ T1000Ͱ͸ɺ77 Kʹ͓͍ͯ൒஋෯͕ 100 meVҎԼͷ΋ͷ͕ෳ਺
؍ଌ͞Εͨɻෆ७෺υʔϓͨ͠ྔࢠυοτʹ͓͍ͯɺCuInS2 ࠞথྔࢠυοτ [59]΍ Cuυʔ
ϓ CdSeྔࢠυοτ [60]ɺ͓Αͼ Cu, Alಉ࣌υʔϓ ZnSྔࢠυοτ [61]ͰిࢠͱϑΥϊϯͷ
ΧοϓϦϯάʹΑΔൃޫͷϒϩʔυχϯά͕؍ଌ͞Ε͍ͯΔɻൃޫͷϒϩʔυχϯάͷߟ࡯ʹ
͍ͭͯ͸ޙड़͢Δɻ
52 ୈ 2ষ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұυοτ෼ޫ
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ਤ 2.10: B, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷ෼෍ɻ(a–c) ࣨԹɺ(d–f) ௿
Թɻ(a, d) T1000ɺ(b, e) T1050ɺ(c, f) T1100ɻൺֱͷͨΊɺྔࢠυοτू߹ମͷൃޫεϖΫτ
ϧΛϓϩοτ͍ͯ͠Δɻ
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ਤ 2.11: B, P ಉ࣌υʔϓ Si ྔࢠυοτͷൃޫ൒஋෯ͷ෼෍ɻ(a–c) ࣨԹɺ(d–f) ௿Թɻ(a, d)
T1000ɺ(b, e) T1050ɺ(c, f) T1100ɻ
ද 2.2: ຊ࣮ݧͷαϯϓϧϦετ (dave: TEM͔Βݟੵ΋ͬͨฏۉཻࢠαΠζɺEens: ྔࢠυο
τू߹ମͷൃޫϐʔΫΤωϧΪʔɺEsin: ୯ҰυοτͷฏۉൃޫϐʔΫΤωϧΪʔͱඪ४ภࠩ)ɻ
Sample dave (nm)
RT
Eens (eV) FWHM (meV) Esin (eV) FWHM (meV)
T1000 2 1.76 408 1.74±0.05 240±58
T1050 2.7 1.59 426 1.58±0.06 240±50
T1100 3.5 1.43 386 1.42±0.04 224±46
77K
Eens (eV) FWHM (meV) Esin (eV) FWHM (meV)
1.78 397 1.75±0.05 269±90
1.66 389 1.63±0.03 244±47
1.45 356 1.43±0.05 239±67
54 ୈ 2ষ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұυοτ෼ޫ
ൃޫΤωϧΪʔͱ൒஋෯ͷؔ܎
ਤ 2.12ʹࣨԹʹ͓͚Δ୯Ұ Siྔࢠυοτͷൃޫ൒஋෯ͱൃޫϐʔΫΤωϧΪʔͷؔ܎Λϓ
ϩοτͨ͠΋ͷΛࣔ͢ɻෆ७෺Λυʔϓ͍ͯ͠ͳ͍΋ͷʹ͍ͭͯ͸ࠓճͷ࣮ݧ݁Ռͱจݙ஋ͷ
྆ํΛϓϩοτ͍ͯ͠Δɻ੨ͷഎܠ৭Ͱࣔͨ͠෦෼͸ෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυο
τͰҰൠతʹ؍ଌ͞Ε͍ͯΔ൒஋෯ͷൣғΛ͓ࣔͯ͠ΓɺൃޫΤωϧΪʔʹؔ܎ͳ͘ 50–200
meVͷൣғͰ͋Δ [45–53]ɻҰํɺෆ७෺υʔϓ Siྔࢠυοτͷൃޫ൒஋෯͸ 100–350 meV
ʹ޿͘෼෍͍ͯ͠Δɻͦͷฏۉ൒஋෯͸ ∼250 meV Ͱ͋Γɺෆ७෺υʔϓ͍ͯ͠ͳ͍΋ͷͷ
ฏۉΑΓ໿ 2ഒେ͖͍ɻෆ७෺υʔϓ͍ͯ͠ͳ͍ SiྔࢠυοτͰ͸ɺൃޫઢ෯͸όϯυؒͷ
ޫֶભҠͱӡಈྔอଘϑΥϊϯ (X, Γ ఺ʹ͓͚ΔόϧΫ Siͷ TOϑΥϊϯ͸ͦΕͧΕ 56, 64
meV)[62]ͱͷΧοϓϦϯάʹΑͬͯϒϩʔυχϯά͢Δͱߟ͑ΒΕ͍ͯΔ [56, 63]ɻ
ਤ 2.12Ͱ͸ɺT1000ͷҰ෦ͷྔࢠυοτͰ൒஋෯͕ෆ७෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτ
ͱಉఔ౓ͷ෼෍Λࣔ͢΋ͷ͕؍ଌ͞Ε͍ͯΔɻT1000ͷฏۉཻࢠ௚ܘ͸ 2 nmͰ͋Δɻ͜ͷα
ΠζྖҬͰ͸ɺ1ͭͷෆ७෺ݪࢠ͕ ∼2.4 × 1020 cm−3 ఔ౓ͷυʔϐϯάϨϕϧͰ͋Γɺ͜Ε͸
PݪࢠͷόϧΫ Si΁ͷݻ༹ݶքͰ͋Δ 4 × 1020 cm−3 ʹ΄΅ඖఢ͢ΔɻT1000ͷྔࢠυοτͷ
தʹ͸ΞΫςΟϒͳෆ७෺͕ଘࡏ͠ͳ͍΋ͷ͕͋Γɺ݁Ռͱͯ͠ෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Si
ྔࢠυοτͱಉ౳ͷ൒஋෯Λ࣋ͭൃޫεϖΫτϧ͕ಘΒΕͨͱߟ͑ΒΕΔɻ
ਤ 2.13 ʹ௿Թʹ͓͚Δ୯Ұ Si ྔࢠυοτͷൃޫ൒஋෯ͱൃޫϐʔΫΤωϧΪʔͷؔ܎Λ
ϓϩοτͨ͠΋ͷΛࣔ͢ɻ੨ͷഎܠ৭Ͱ͍ࣔͯ͠Δ௨Γɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠ
υοτͷൃޫ൒஋෯͸ 50 meVΑΓڱ͘ɺ͜Ε͸ࣨԹΑΓ΋খ͍͞஋Ͱ͋ΔɻҰํͰɺෆ७෺
ಉ࣌υʔϓͨ͠ Siྔࢠυοτͷ൒஋෯͸ଌఆԹ౓ʹґଘ͠ͳ͍݁Ռͱͳͬͨɻ͜Ε͸ෆ७෺
ಉ࣌υʔϓ Siྔࢠυοτͷ൒஋෯͕ݸʑͷྔࢠυοτதͷෆ७෺αΠτͷ෼෍ʹΑΔ΋ͷͰ
͋Δͱ͍͏ߟ͑ํͱҰக͢Δɻ·ͨɺେ෦෼ͷෆ७෺ಉ࣌υʔϓ Siྔࢠυοτͷ൒஋෯͸ଌ
ఆԹ౓ʹґଘ͠ͳ͍͕ɺT1000Ͱ͸Ұ෦ྫ֎͕ݟΒΕͨɻਤ 2.13Ͱ͸ɺ਺ݸͷྔࢠυοτ͸
77 Kʹ͓͍ͯ൒஋෯͕ 50 meVҎԼͷൃޫΛࣔ͠ɺ͜Ε͸ෆ७෺υʔϓ͍ͯ͠ͳ͍ྔࢠυοτ
ͱಉ౳Ͱ͋Δɻ͜ΕΒͷྔࢠυοτʹ͸ෆ७෺ؚ͕·Ε͍ͯͳ͍ͱߟ͑ΒΕΔɻAPT ଌఆʹ
ΑΓαΠζͷେ͖͍ྔࢠυοτͷେ෦෼͸ B, P͕ߴೱ౓υʔϓ͞Ε͍ͯΔ͕ɺαΠζͷখ͞
͍΋ͷ (T1050)Ͱ͸શମͷ 1%ఔ౓ෆ७෺͕υʔϓ͞Ε͍ͯͳ͍ Siྔࢠυοτ͕ଘࡏ͢Δ͜
ͱ͕Θ͔͍ͬͯΔ [29]ɻ೤ॲཧԹ౓͕௿͍ͱɺBPSGϚτϦοΫεதͰ B, P͕֦ࢄ͠ʹ͍͘
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ਤ 2.12: ࣨԹʹ͓͚Δ୯Ұ SiྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͱ൒஋෯ͷؔ܎ɻృΓͭͿ
͠ͷਤܗ͕ຊ࣮ݧͰಘΒΕͨ݁Ռɺதൈ͖ͷਤܗ͕จݙ [45–53]͔ΒಘΒΕͨෆ७෺Λυʔϓ
͍ͯ͠ͳ͍ Siྔࢠυοτͷ࣮ݧσʔλΛ͍ࣔͯ͠Δɻ
͜ͱ͕ݪҼͱͯ͠ߟ͑ΒΕΔɻ্ड़ͷ௨ΓɺSiྔࢠυοτू߹ମͰ͸ಉ࣌υʔϓ Siྔࢠυο
τͷൃޫϐʔΫΤωϧΪʔ͸ෆ७෺υʔϓ͍ͯ͠ͳ͍΋ͷΑΓখ͍͞ɻ΋͠ڱ͍ൃޫόϯυͷ
Siྔࢠυοτʹෆ७෺͕υʔϓ͞Ε͍ͯͳ͔ͬͨΒɺൃޫΤωϧΪʔ͸ϒϩʔυͳൃޫόϯυ
Λ࣋ͭྔࢠυοτͱൺ΂ͯߴ͘ͳΔ΂͖Ͱ͋Δɻࠓճ؍ଌͨ͠ڱ͍൒஋෯ͷൃޫ͸౷ܭతॲཧ
Λߦ͏ͷʹ͸গͳ͍਺Ͱ͋Δ͕ɺઢ෯ͷڱ͍ྔࢠυοτͷൃޫΤωϧΪʔ͸෼෍্࠷΋ߴΤω
ϧΪʔʹҐஔ͍ͯ͠Δ (ਤ 2.13)ɻ
56 ୈ 2ষ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ୯Ұυοτ෼ޫ
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ਤ 2.13: ௿Թ (77K)ʹ͓͚Δ୯Ұ SiྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͱ൒஋෯ͷؔ܎ɻృ
ΓͭͿ͠ͷਤܗ͕ຊ࣮ݧͰಘΒΕͨ݁Ռɺதൈ͖ͷਤܗ͕จݙ [47, 56, 57, 63]͔ΒಘΒΕͨෆ
७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͷ࣮ݧσʔλΛ͍ࣔͯ͠Δɻ
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ྭىڧ౓ґଘੑ
ྭىϨʔβʔલʹ഑ஔͨ͠ NDϑΟϧλʹΑΓɺྭىڧ౓Λ 0.3–25 W/cm2 ͷൣғͰ੍ޚ͢
Δ͜ͱͰɺൃޫεϖΫτϧͷྭىڧ౓ґଘੑΛଌఆͨ͠ɻਤ 2.14ʹࣨԹʹ͓͚Δ୯Ұ B, Pಉ
࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧͷྭىڧ౓ґଘੑΛࣔ͢ɻ͍ͣΕͷࢼྉʹ͓͍ͯ΋ɺ
֤ྭىڧ౓ͰൃޫεϖΫτϧ͕؍ଌ͞Εͨɻͳ͓ɺൃޫྭىڧ౓ޫࢎԽͷӨڹΛ๷͙ͨΊʹ
CCDΧϝϥͷ࿐ޫ࣌ؒΛ 5 minʹ୹ॖͨ͠ͷͰɺಉҰྭىڧ౓ (1 W/cm2)ʹ͓͚Δਤ 2.6–2.8
ΑΓൃޫڧ౓͕ऑ͍ɻਤ 2.15(a)ʹ୯Ұ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫڧ౓ͷྭىڧ౓
ґଘੑΛࣔ͢ɻ0.3–25 W/cm2 ͷൣғͰ͸ྭىڧ౓ͷ૿Ճʹ൐ͬͯɺൃޫڧ౓͕૿Ճ͠ɺ10
W/cm2 Λ௒͑Δͱൃޫڧ౓͸๞࿨͍ͯ͠Δɻ·ͨɺલड़ͷ࣮ݧʹ͓͚Δྭىڧ౓ (1 W/cm2)
͸ൃޫڧ౓͕ઢܗʹ૿Ճ͍ͯ͠ΔྖҬͰ͋Δɻਤ 2.15(b)ʹ୯Ұ B, Pಉ࣌υʔϓ Siྔࢠυο
τͷൃޫϐʔΫΤωϧΪʔͷྭىڧ౓ґଘੑΛࣔ͢ɻྭىڧ౓ͷ૿Ճʹ൐ͬͯΘ͔ͣʹߴΤω
ϧΪʔγϑτ͍ͯ͠Δɻୈ 1ষͰड़΂ͨ௨Γɺྭىڧ౓͕ߴ͘ͳΔ΄ͲɺD–AϖΞൃޫʹ͓
͚ΔൃޫϐʔΫΤωϧΪʔ͸ߴΤωϧΪʔγϑτ͢Δ͜ͱ͕஌ΒΕ͍ͯΔ [61, 64]ɻεϖΫτ
ϧͷ൒஋෯͕޿͘͹Β͖͕ͭ͋Δ (ਤ 2.15(c))ͨΊɺੵۃతʹٞ࿦͸Ͱ͖ͳ͍͕ɺ͜ͷ݁Ռ͸
B, P ಉ࣌υʔϓ Siྔࢠυοτͷൃޫʹ D–A ϖΞ͕ؔ༩͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δͱߟ͑Β
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ਤ 2.14: ࣨԹʹ͓͚Δ୯Ұ B, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧͷྭىڧ౓ґଘੑɻ
(a) T1000ɺ(b) T1050ɺ(c) T1100ɻ
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ਤ 2.15: ࣨԹʹ͓͚Δ୯Ұ B, Pಉ࣌υʔϓ Siྔࢠυοτͷ (a)ൃޫڧ౓ɺ(b)ൃޫϐʔΫΤω
ϧΪʔɺ(c)ൃޫ൒஋෯ͷྭىڧ౓ґଘੑɻ(b)ʹ͓͚ΔΤϥʔόʔ͸൒஋෯Λ͍ࣔͯ͠Δɻ
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2.3.3 ߟ࡯
ෆ७෺υʔϓ͍ͯ͠ͳ͍ SiྔࢠυοτͰ͸ɺൃޫઢ෯͸όϯυؒͷޫֶભҠͱӡಈྔอଘ
ϑΥϊϯ (X, Γ ఺ʹ͓͚ΔόϧΫ Si ͷ TO ϑΥϊϯ͸ͦΕͧΕ 56, 64 meV)[62] ͱͷΧοϓ
ϦϯάʹΑͬͯϒϩʔυχϯά͢Δͱߟ͑ΒΕ͍ͯΔ [56, 63]ɻSi Ҏ֎ͷϑΥϊϯͱͷΧο
ϓϦϯάͱͯ͠͸ɺද໘ͷ Si–O(1080 cm−1: 134 meV)[65]͕ؔ༩͍ͯ͠Δͱ͍͏ใࠂ΋͋Δ
[49, 52]ɻB, Pಉ࣌υʔϓ SiྔࢠυοτͰ؍ଌ͞Εͨൃޫͷϒϩʔυχϯά͸ޫֶભҠͱϑΥ
ϊϯͷ૬ޓ࡞༻͕ؔ܎͍ͯ͠ΔՄೳੑ͕͋Δɻ͜͜ͰɺϑΥϊϯ͕ؔ༩ͨ͠ిࢠͷجఈঢ়ଶ
(g: ground state)ͱྭىঢ়ଶ (e: excited state)ͷؒͷભҠʹ͍ͭͯߟ͑ΔɻޫֶભҠ͸ݪࢠ֩
ͷӡಈͷૣ͞ʹൺ΂ͯૣ͍ͨΊɺݪࢠͷҐஔ͕ແࢹͰ͖ΔͳΒɺޫͷٵऩͱ์ग़͸ਨ௚ભҠʹ
Αͬͯى͜Δ (ਤ 2.16, [66])ɻ͔͠͠ɺ࣮ࡍ͸ݪࢠ഑ஔΛߟ͑Δඞཁ͕͋ΔͷͰɺਤ 2.16ͷԣ
࣠ํ޲͸ݪࢠͷ෺ཧతͳҐஔΛද͢ͱߟ͑ͯΑ͘ɺ഑Ґ࠲ඪͱݺ͹ΕΔɻ·ͣޫͷٵऩ͕ਨ௚
ભҠͰى͖Δ͕ɺྭىঢ়ଶ͕ෆ҆ఆͳͨΊɺΔEe ͚ͩ֨ࢠ؇࿨ (Ұൠʹɺ೤์ग़)͕ى͖ͯɺྭ
ى४Ґͷ࠷Լ఺ʹམͪண͘ɻ͜ͷ؇࿨࣌ؒ͸ 10−10–10−12 sͰ͋Δɻྭىঢ়ଶ͔Βجఈঢ়ଶ΁
ͷൃޫ͸ਤ 2.16ͷ੺ઢͰද͞ΕΔਨ௚ભҠ͕ى͖ɺ࠶ͼ ΔEg ෼͚ͩ೤์ग़ͯ͠ɺ࠷ॳͷجఈ
ঢ়ଶʹ໭Δɻ͜ͷΑ͏ʹɺྭىޙͷ؇࿨աఔͰٵऩͨ͠ޫͷΤωϧΪʔͷҰ෦͕೤ͱࣦͯ͠Θ
ΕΔͨΊɺٵऩεϖΫτϧͱൃޫεϖΫτϧؒͰ ΔEe + ΔEg ૬౰ͷετʔΫεγϑτ͕ى͖
Δɻ͜ΕΛ Franck-Condon ͷݪཧͱ͍͍ɺҰൠʹ෼ࢠதͷిࢠͷޫֶભҠΛઆ໌͢Δͷʹ༻
͍ΒΕΔɻ͞ΒʹɺԹ౓͕௿͍৔߹ʹ͸೤์ग़͕཈͑ΒΕΔͨΊɺൃޫεϖΫτϧʹγϟʔϓ
ͳθϩϑΥϊϯઢ (ZPL: zero phonon line)͕ݱΕΔͱͱ΋ʹɺෳ਺ͷϑΥϊϯઢ͔Βߏ੒͞Ε
ΔϒϩʔυͳϑΥϊϯαΠυόϯυ͕؍ଌ͞ΕΔ͜ͱ͕͋Δɻ࣮ࡍʹෆ७෺Λυʔϓ͍ͯ͠ͳ
͍୯Ұ Siྔࢠυοτͷ௿Թൃޫଌఆʹ͓͍ͯɺγϟʔϓͳ ZPLͱͱ΋ʹ Siͷ TO, TAϑΥϊ
ϯʹͱ΋ͳ͏ϑΥϊϯαΠυόϯυ͕؍ଌ͞Ε͍ͯΔ [56, 63]ɻT = 0 Kʹ͓͚ΔٵऩεϖΫ
τϧ͸ Poisson෼෍Ͱද͞Εɺ
I = e−S
Sn
n!
(n = 0, 1, 2, . . . , ) (2.2)
Ͱ͋ΔɻൃޫεϖΫτϧ͸ٵऩεϖΫτϧʹରͯ͠ɺZPL Λ࣠ʹઢରশͱͳΔ͜ͱʹ஫ҙ͢
Δɻࣜ (2.2)தͷ S ͸ Huang-RhysҼࢠ [67–69]ͱݺͼɺޫٵऩͰ͸جఈঢ়ଶͷΤωϧΪʔ͕
ਨ௚ભҠʹΑΓྭىঢ়ଶʹͳͬͨޙɺྭىঢ়ଶͷϙςϯγϟϧۂઢͷఈͷঢ়ଶʹҠΔͷʹԿ
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ݸͷϑΥϊϯΛ์ग़͢Δඞཁ͕͋Δ͔Λද͢ɻS < 1 Ͱ͸Թ౓ʹؔ܎ͳ͘ݪࢠతͳγϟʔϓ
ͳ ZPL͕؍ଌ͞ΕΔ͕ɺS > 1Ͱ͸ Gaussianܗঢ়ͷϒϩʔυͳൃޫεϖΫτϧͱͳΓɺࣨԹ
Ͱ΋௿ԹͰ΋ ZPL͕໌֬ʹ؍ଌ͞Εͳ͍ɻS Ҽࢠʹ͍ͭͯաڈͷใࠂΛ؆୯ʹ·ͱΊΔɻμ
ΠϠϞϯυதͷ NV (nitrogen-vacancy) ηϯλʔ͸μΠϠϞϯυ݁থதͰ C Λஔ׵ͨ͠ N ͱ
ͦͷྡʹݪࢠۭ޸͕ଘࡏ͢ΔΧϥʔηϯλʔͰ͋Γɺ఺ܽؕͷҰͭͰ͋Δɻෛʹνϟʔδ͠
ͨ NV ηϯλʔதͷ 3 ॏ߲ঢ়ଶͷ 3E ͔Β 3A2 ४ҐؒͷભҠ (E = 1.945 eV) ͕ ZPL ʹରԠ
͠ɺNVηϯλʔʹہࡏͨ͠ిࢠʹΑۭͬͯ޸ͷपғͷݪࢠ͕֨ࢠ؇࿨Λى͜͢͜ͱͰൃޫ͕
ϒϩʔυχϯά͢Δ [66]ɻ͜ͷλΠϓͷ S Ҽࢠ͸͓͓ΉͶ 3͔Β 4Ͱ͋Δ [66, 70]ɻ·ͨɺԽ
߹෺൒ಋମྔࢠυοτͰ͸ɺCdSeྔࢠυοτͷ LOϑΥϊϯ͕ؔ༩ͨ͠ྭىࢠ࠶݁߹աఔͰ
S ∼ 1[71]ɺAlNϚτϦοΫεதͷ GaNྔࢠυοτͷ LOϑΥϊϯΛ൐͏ྭىࢠ࠶݁߹աఔͰ
S < 0.5[72]͕ใࠂ͞Ε͍ͯΔɻSiྔࢠυοτͷൃޫεϖΫτϧͷ S Ҽࢠʹ͍ͭͯ΋਺݅ใࠂ
͞Ε͓ͯΓɺtrion (ిࢠ 2ݸͱਖ਼޸ 1ݸͰߏ੒͞ΕΔཻࢠ)ͷ௚઀ભҠաఔʹΑΔൃޫաఔͰ
͸ S = 0.68[53]ɺSi–O΍ Siͷ TOϑΥϊϯͱͷΧοϓϦϯάʹΑΔྭىࢠ࠶݁߹աఔͰ͸प
ғͷϚτϦοΫεͷछྨʹΑΓ 0.1 < S < 1[49, 73]ͱ͍͏஋͕ใࠂ͞Ε͍ͯΔɻ
ਤ 2.16: Franck-Condonͷݪཧʹجͮ͘഑Ґ࠲ඪϞσϧ [66]ɻEZPL ͸ ZPLͷൃޫΤωϧΪʔ
Λද͠ɺΔEe,ΔEg ͸ͦΕͧΕྭى४Ґͱجఈ४Ґʹ͓͚Δ؇࿨ΤωϧΪʔΛද͢ɻ
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ਤ 2.17(a) ʹࣜ (2.2) Ͱ S = 2.5 ͱͨ͠৔߹ͷൃޫεϖΫτϧͷܗঢ়Λࣔ͢ɻྡΓ߹͏ϑΥ
ϊϯઢಉ࢜ͷִؒ͸ϑΥϊϯͷΤωϧΪʔ ωp Ͱܾ·ΓɺϒϩʔυͳεϖΫτϧܗঢ়Ͱ͋Δɻ
εϖΫτϧͷϐʔΫ͸ n = S − 0.5 ʹ͋Δɻ͜ͷཧ࿦Λ Si ྔࢠυοτʹద༻͢Δ͜ͱΛߟ͑
Δɻਤ 2.17(b)ʹόϧΫ Siͷ X఺ʹ͓͚Δ TOϑΥϊϯ (ωp = 56 meV)͕ؔ༩ͨ͠ൃޫεϖ
Ϋτϧͷ S ҼࢠґଘੑΛࣔ͢ɻS = 0.8 Ͱ͸ ZPL ͕໌ྎʹ؍ଌ͞ΕΔ͕ɺS > 1 Ͱ͸ϒϩʔ
υͳൃޫεϖΫτϧͱͳ͍ͬͯΔɻS = 2, 5, 20 ʹ͓͚Δൃޫ൒஋෯͸ͦΕͧΕ 217.9, 294.2,
587.6 meVͰ͋ͬͨɻࠓճͷ௿ԹଌఆͰಘΒΕͨ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫ൒஋෯
͸ ∼250 meVͰ͋ͬͨ͜ͱ͔ΒɺB, Pಉ࣌υʔϓ Siྔࢠυοτͷ S Ҽࢠ͸ 2 < S < 5Ͱ͋Δ
ͱݟੵ΋ΒΕΔɻ͜Ε͸ෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͷ SҼࢠ [49, 53, 73]ΑΓେ
͖͘ɺμΠϠϞϯυ݁থதͷ NVηϯλʔͷ S Ҽࢠͱಉఔ౓Ͱ͋Δ [66, 70]ɻ·ͨɺཧ࿦ܭࢉ
͔Β B, Pಉ࣌υʔϓ Siྔࢠυοτʹ͓͚ΔΩϟϦΞ͸ B, Pݪࢠʹہࡏ͠΍͍͢͜ͱ͕Θ͔ͬ
͍ͯΔ [74]ɻҎ্ͷ݁Ռ͔Βɺྭى͞ΕͨΩϟϦΞ͕ Siྔࢠυοτද໘ͷ B΍ Pݪࢠʹہࡏ
ͯ͠ D–AϖΞൃޫΛࣔ͢ࡍʹɺSi݁থͷϑΥϊϯͱΧοϓϦϯά͢Δ͜ͱͰɺB, Pಉ࣌υʔ
ϓ Siྔࢠυοτͷൃޫͷϒϩʔυχϯάʹେ͖͘د༩͍ͯ͠Δͱߟ͑ΒΕΔɻ·ͨɺB, Pݪ
ࢠ͕ΩϟϦΞΛہࡏͤ͞ΔҰछͷܽؕ४Ґతʹ࡞༻͢Δ͜ͱ͔Βɺൃޫण໋͕ෆ७෺Λυʔϓ
͍ͯ͠ͳ͍΋ͷʹൺ΂ͯૣ͘ͳΔ΋ͷͱߟ͑ΒΕΔɻࠓޙ͞ΒͳΔൃޫىݯͷղ໌ʹ͸ɺڧ౓
͕ऑ͍ͨΊඇৗʹࠔ೉Ͱ͋Δ͕ɺ୯Ұ Siྔࢠυοτͷൃޫण໋ଌఆ [75]͕ඞཁͰ͋Δɻ
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ਤ 2.17: (a) 0 Kʹ͓͚ΔൃޫεϖΫτϧͷܗঢ় (S = 2.5)ɻ(b) Siͷ X఺ʹ͓͚Δ TOϑΥϊ
ϯ (ωp = 56 meV)͕ؔ༩ͨ͠ൃޫεϖΫτϧͷ S Ҽࢠґଘੑɻ
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2.4 ·ͱΊ
୯Ұυοτ෼ޫ๏ʹΑΓ B, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧΛ؍ଌͨ͠ɻෆ७
෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτಉ༷ɺӷத΍ू߹ମͰ؍ଌ͞ΕΔಉ࣌υʔϓ Siྔࢠυοτ
ͷϒϩʔυͳൃޫ͸ϐʔΫΤωϧΪʔͷҟͳΔྔࢠυοτʹΑΔൃޫͷॏͶ͋ΘͤͰߏ੒͞
Ε͍ͯΔ΋ͷͰ͋ͬͨɻ͔͠͠ͳ͕Βɺݸʑͷಉ࣌υʔϓ Siྔࢠυοτͷൃޫ൒஋෯͸ฏۉ
250 meVͰ͋ΓɺࣨԹʹ͓͍ͯෆ७෺υʔϓ͍ͯ͠ͳ͍΋ͷͷ໿ 2ഒϒϩʔυͰ͋ͬͨɻෆ७
෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͱಉ࣌υʔϓͷ΋ͷͷൃޫઢ෯ͷҧ͍͸௿ԹͰଌఆ͢Δ
ͱΑΓݦஶͰ͋ͬͨɻෆ७෺Λυʔϓ͍ͯ͠ͳ͍΋ͷͰ͸ɺ௿ԹྖҬͰϑΥϊϯٵऩͷ֬཰͕
Լ͕ΔͨΊൃޫઢ෯͕ٸܹʹݮগ͢ΔɻҰํɺಉ࣌υʔϓͷ΋ͷͰ͸ɺҰ෦ͷখཻ͍͞ܘͷྔ
ࢠυοτΛআ͍ͯɺઢ෯͸ଌఆԹ౓ʹແؔ܎Ͱ͋ͬͨɻ͜ͷઢ෯͕޿͍ཧ༝ͱͯ͠ɺྔࢠυο
τ಺ͷ D–AϖΞʹہࡏͨ͠ΩϟϦΞͱɺSi݁থͷ TOϑΥϊϯͱͷΧοϓϦϯά͕ߟ͑ΒΕ
ΔɻB, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧͷ Huang-RhysҼࢠ͸ 2 < S < 5Ͱ͋Γɺ
μΠϠϞϯυ݁থதͷ NVηϯλʔͱಉ౳ͷ஋Ͱ͋Δɻ͜ͷ݁Ռ͔Β΋ɺD–AϖΞൃޫ΁ͷ
ϑΥϊϯͷؔ༩͕ൃޫઢ෯ͷϒϩʔυχϯάʹӨڹ͍ͯ͠Δ͜ͱ͕ࣔࠦ͞ΕΔɻҰ෦ͷαΠζ
͕খ͍͞ྔࢠυοτͰ͸ඇৗʹڱ͍ઢ෯ͷൃޫ͕؍ଌ͞Εɺ͜ΕΒͷྔࢠυοτʹ͸ෆ७෺͕
υʔϓ͞Ε͍ͯͳ͍Մೳੑ͕͋Δɻݱࡏͷ B, P ಉ࣌υʔϓ Si ྔࢠυοτͷྔࢠޮ཰͸ߴʑ
10%Ͱ͋Γɺඇৗʹࠔ೉Ͱ͸͋Δ͕ɺ୯Ұυοτಛ༗ͷݱ৅Ͱ͋ΔϒϦϯΩϯάݮগ΍εϖΫ
τϧ֦ࢄɺ୯Ұྔࢠυοτͷൃޫण໋ଌఆΛ͢Δ͜ͱͰɺB, Pಉ࣌υʔϓ Siྔࢠυοτͷൃ
ޫىݯͷ͞ΒͳΔղ໌ͷҰॿͱͳΔ͜ͱ͕ظ଴Ͱ͖Δɻ·ͨɺݦඍڸͱ AFMΛ૊Έ߹Θͤͨ
ଌఆܥΛߏங͢Δ͜ͱͰɺAFMΠϝʔδ্ͷཻࢠͱରԠ͢ΔൃޫεϖΫτϧΛଌఆ͠ɺ୯Ұ
υοτ͔ΒͷൃޫΛ࣮֬ʹಘΔ͜ͱ͕ՄೳͰ͋Δɻ
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༗ػ෼ࢠम০ʹΑΔਫ෼ࢄੑۙ੺֎
ൃޫ Siྔࢠυοτͷ։ൃͱ
ಛҟٵணੑ
3.1 ͸͡Ίʹ
ୈ 1ষͰड़΂ͨΑ͏ʹɺίϩΠυঢ়൒ಋମྔࢠυοτ͸όΠΦΠϝʔδϯά΍όΠΦηϯγ
ϯάʹ͓͚ΔܬޫϚʔΧʔͱͯ͠༗ྗࢹ͞Ε͍ͯΔࡐྉͰ͋Δ [1–4]ɻόΠΦϝσΟΧϧԠ༻
ʹ͓͍ͯܬޫମ͕ٻΊΒΕΔಛੑͱͯ͠ (i)ਫ෼ࢄੑɺ(ii) pH҆ఆੑɺ(iii)ޫ҆ఆੑɺ(iv)ྔ
ࢠυοτͱੜମ෼ࢠؒͷ௿͍૬ޓ࡞༻͕ڍ͛ΒΕΔɻ͜ΕΒͷಛੑ͸ CdS΍ PbSͳͲԽ߹෺
൒ಋମྔࢠυοτΛத৺ʹݚڀ͞Ε͖ͯͨ [5, 6]ɻ͔͠͠ͳ͕Βɺ͜ΕΒͷ൒ಋମྔࢠυοτ
͸ͦͷಟੑͷͨΊʹ in vitro͓Αͼ in vivoʹ͓͍ͯͦͷ҆શੑ͕ݒ೦͞Ε͖ͯͨ [7–9]ɻ
Si ྔࢠυοτ͸ͦͷ؀ڥ਌࿨ੑͷߴ͔͞ΒόΠΦϝσΟΧϧ෼໺ʹ͓͍ͯ஫໨͞Εͭͭ
͋Δ [10–12]ɻਫ෼ࢄ Si ྔࢠυοτ͸Ξϛϊج [13–17] ΍ΧϧϘΩγϧج [18–23]ɺPEG ࠯
(poly(ethylene) glycol chain)[24]ɺϛηϧߏ଄ [25, 26] ͱ͍ͬͨ਌ਫੑ෼ࢠͷද໘म০ʹΑͬ
࣮ͯݱ͞Ε͍ͯΔɻ͜ΕΒͷද໘म০ Siྔࢠυοτͷଟ͘͸Մࢹ–ࢵ֎ྖҬͰൃޫΛࣔ͢΋ͷ
͕΄ͱΜͲͰ͋Γɺੜମͷ૭ͱݺ͹ΕΔۙ੺֎ྖҬ (1.2–1.8 eV)ʹൃޫΛࣔ͢΋ͷ͸ݶΒΕͯ
͍Δɻ
౰ݚڀࣨͰ։ൃͨ͠ B, Pಉ࣌υʔϓ Siྔࢠυοτ͸ਫ΍ΞϧίʔϧͳͲͷۃੑ༹ഔதͰ༗
ػ෼ࢠम০ແ͠ʹ෼ࢄੑΛ͚ࣔͩ͢Ͱͳ͘ɺۙ੺֎ྖҬͰߴޮ཰ʹൃޫΛࣔ͢ [27]ɻ͜Ε͸ό
ΠΦϝσΟΧϧԠ༻ʹඞཁͳ৚݅Λຬͨ͢ࡐྉͰ͋Δͱݴ͑Δɻ͔͠͠ɺࡉ๔ʹରͯ͠ ∼100
68 ୈ 3ষ ༗ػ෼ࢠम০ʹΑΔਫ෼ࢄੑۙ੺֎ൃޫ Siྔࢠυοτͷ։ൃͱಛҟٵணੑ
μg/mL·Ͱ͸௿ಟੑΛࣔ͢͜ͱ͕Θ͔͍ͬͯΔ [28]͕ɺද໘ʹੜମ෼ࢠͱ݁߹Ͱ͖Δ׭ೳج
Λ࣋ͨͳ͍ͨΊɺͦͷ··Ͱ͸όΠΦϝσΟΧϧ෼໺ʹԠ༻͠ʹ͍͘͜ͱ͕՝୊ͱͯ͠ڍ͛Β
ΕΔɻͦͷࡍɺϖϓνυ݁߹ [29, 30]΍νΦʔϧ݁߹ [31, 32]ɺΞδυ–ΞϧΩϯͷ؀Խ෇Ճ൓
Ԡ [33, 34]Λհͯ͠λϯύΫ࣭΍߅ମͱԽֶ݁߹Λܗ੒Ͱ͖͏ΔɻಛʹɺΞδυ–ΞϧΩϯͷ
؀Խ෇Ճ൓Ԡ͸ Click Chemistry ͱݺ͹Εɺಛघͳॖ߹ࡎΛ༻͍Δඞཁ͕ͳ͘෭ੜ੒෺ (஠ૉ
ΨεͳͲ)͕ແ֐Ͱ͋Δ͜ͱ͔Βۙ೥஫໨͞Ε͍ͯΔٕज़Ͱ͋Δɻ
ຊষͰ͸ϖϓνυ݁߹ (–CO–NH–)Λܗ੒͢Δ͜ͱΛ೦಄ʹɺB, Pಉ࣌υʔϓ Siྔࢠυο
τද໘ʹ਌ਫੑ෼ࢠͷΞϦϧΞϛϯ (AAm: allylamine)ͱΞΫϦϧࢎ (AAc: acrylic acid)Λम
০͢Δ͜ͱͰੜମద߹ੑͷߴ͍ Siྔࢠυοτͷ։ൃΛߦ͏ɻAAm͸Ξϛϊج (–NH2)ɺAAc
͸ΧϧϘΩγϧج (–COOH)Λ຤୺ʹ࣋ͪɺ͍ͣΕͷ෼ࢠ΋ଞํͷ຤୺ʹ୸ૉ 2ॏ݁߹ (C=C)
Λ࣋ͭɻ͜ͷ୸ૉ 2ॏ݁߹ͱ Siද໘ͷਫૉͱͷؒͰ৮ഔ͋Δ͍͸೤ɺࢵ֎ޫ৚݅ԼͰώυϩ
γϦϧԽ൓ԠʹΑΓද໘म০͕ՄೳͰ͋Δɻਫૉऴ୺ Si ྔࢠυοτʹԘԽനۚࢎ (H2Cl6Pt)
ΛఴՃͨ͠৔߹ɺSi–Pt φϊཻࢠͷϋΠϒϦουߏ଄͕ܗ੒͞ΕΔ͜ͱ͕Θ͔͍ͬͯΔ [35]ɻ
͜ͷϋΠϒϦουߏ଄ͷܗ੒ϝΧχζϜ͸ɺSiྔࢠυοτ͕ؐݩࡎͱͯ͠ಇ͖ɺ༹ӷதͷ Pt
ΠΦϯ͕ྔࢠυοτද໘Ͱؐݩ͞ΕɺPtྔࢠυοτ͕ੜ੒͢Δ͜ͱʹΑΔ΋ͷͱߟ͑ΒΕΔɻ
ͦ͜ͰɺຊݚڀͰ͸ Pt৮ഔΛ༻͍ͣʹ൓Ԡ෼ࢠͱͷՃ೤ʹΑΓɺSiྔࢠυοτ΁ͷද໘म০
Λߦ͏ɻ·ͨɺम০ͨ͠෼ࢠͷબ୒ٵணੑʹ͍ͭͯɺಛఆͷ׭ೳجΛ࣋ͭࣗݾ૊৫Խ୯෼ࢠບ
෇͖ج൘΁ͷݻఆԽʹΑΓධՁΛߦ͏ɻ
3.2 ࣮ݧํ๏
3.2.1 ࢼྉ࡞੡ํ๏
ϝλϊʔϧΛ༹ഔͱ͢ΔίϩΠυঢ় Siྔࢠυοτࢼྉͷ࡞੡
B, P ಉ࣌υʔϓίϩΠυঢ় Si ྔࢠυοτ͸ɺεύολϦϯάͱ೤ΞχʔϧʹΑΓ Si ྔࢠ
υοτΛؚΉ BPSGްບΛ࡞੡͠ɺ͜ΕΛϑοԽਫૉࢎͰΤονϯάͯ͠ϝλϊʔϧʹ෼ࢄ͞
ͤΔ͜ͱͰ࡞੡ͨ͠ɻৄࡉʹ͍ͭͯ͸ୈ 2ষͰड़΂ͨͷͰɺ͜͜Ͱ͸ׂѪ͢Δɻͳ͓ɺΞχʔ
ϧԹ౓͸ 1100 ◦Cͱͨ͠ɻ
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ώυϩγϦϧԽϓϩηε (ਤ 3.1)͸άϩʔϒϘοΫε಺ (UNICO: EZ-650L,஠ૉงғؾɺࢎ
ૉೱ౓ 100 ppmҎԼ)Ͱߦͬͨɻද 3.1ʹຊ࣮ݧͰ࡞੡ͨ͠ࢼྉͷϦετΛࣔ͢ɻ൓Ԡͤ͞Δ
AAm͓Αͼ AAcͷఴՃྔɺ൓ԠԹ౓ɺ൓Ԡ࣌ؒΛύϥϝʔλͱͯ͠ݕ౼ͨ͠ɻҎԼɺώυϩ
γϦϧԽͷ࣮ݧखॱΛࣔ͢ɻ
(1) ϝλϊʔϧ (Wako: 99.7% )ʹ෼ࢄͨ͠ίϩΠυঢ় SiྔࢠυοτΛ 500 μL, 200 μg/mLʹ
αϯϓϧ؅ළ (9 mL)಺Ͱௐ੡ͯ͠ɺάϩʔϒϘοΫεʹҠಈͤͨ͞ɻΤονϯάޙͷ Si
ྔࢠυοτ͸ͨͩͪʹࢎԽ͕ਐߦ͢ΔͨΊɺͨͩͪʹάϩʔϒϘοΫε΁Ҡಈͤ͞Δඞཁ
͕͋Δɻ·ͨɺޙͷ࡞ۀʹඞཁͳ΋ͷ΋͜ͷஈ֊Ͱ͢΂ͯάϩʔϒϘοΫε಺ʹೖΕͯ
͓͘ɻ
(2) ίϩΠυঢ় Si ྔࢠυοτʹ 5–500 μL ͷ AAm (Wako: >98.0% ) ·ͨ͸ AAc (Wako:
>98.0% )ΛೖΕɺϚάωοτελʔϥʔ (300 rpm, 30෼)Ͱ᎟፩ͨ͠ɻ͜ͷͱ͖ώυϩγ
ϦϧԽ൓Ԡ͕ى͖Δɻͳ͓ɺຊ࣮ݧͰ͸൓ԠԹ౓Λ 30–60 ◦CͷൣғͰม͑ͯߦͬͨɻ
(3) ൓ԠऴྃޙͨͩͪʹάϩʔϒϘοΫε͔ΒऔΓग़͠ɺ෼ը෼ࢠྔ 10 kDaͷεϐϯΧϥϜ
(Merck Millipore Corp.: Amicon Ultra-0.5, UFC501096)Ͱ༹ഔΛৠཹਫʹஔ׵ͨ͠ɻίϩ
Πυঢ় Siྔࢠυοτ࡞੡࣌ͱಉ༷ɺԕ৺෼཭ʹΑΓ༹ӷΛೱॖ͠ɺᖤӷΛഇغޙɺΧϥϜ
্෦͔ΒৠཹਫΛՃ͑Δૢ࡞Λ 5ճఔ౓܁Γฦͨ͠ɻ͜ͷஔ׵ૢ࡞ͷࡍʹະ൓Ԡͷ AAm,
AAc෼ࢠ͸আڈ͞Ε͓ͯΓɺ࠷ऴతͳΧϥϜ಺ͷ༹ଘ AAm, AAcೱ౓͸τϨʔεϨϕϧ
(<0.01% )Ͱ͋Δɻԕ৺෼཭ػ (Hitachi: CT15RE)Λ༻͍ɺԕ৺৚݅͸ 10,000× g, 7෼,ࣨ
Թ (25 ◦C)Ͱ͋Δɻͳ͓ɺΧϥϜͷༀ඼଱ੑ͕ϝλϊʔϧͷؚ༗཰ ≤60%Ͱ͋ΔͨΊɺৠ
ཹਫͱͷࠞ߹ൺʹ͸஫ҙ͢Δɻ
(4) ৠཹਫʹஔ׵ޙɺ૯ྔ͕ 500 μLʹͳΔΑ͏ʹৠཹਫΛՃ͔͑ͯΒɺεϐϯΧϥϜΛٯ͞
ʹηοτͯ͠ԕ৺෼཭͠ɺ༹ӷΛճऩͨ͠ɻԕ৺৚݅͸ 2,000× g, 30ඵ,ࣨԹ (25 ◦C)Ͱ͋
Δɻ࠷ऴతͳ༹ӷͷೱ౓͸ ∼150 μg/mLͰ͋ΓɺҰ෦͸ԕ৺ϑΟϧλΛಁաͯ͠͠·ͬͯ
͍Δ͕ɺ൓Ԡલͷ Siྔࢠυοτͷେ෦෼͕ਫதͰ෼ࢄੑΛอ͍࣋ͯ͠Δɻ
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Si Si
ਤ 3.1: ਫૉऴ୺ Siྔࢠυοτ΁ͷώυϩγϦϧԽͷ໛ࣜਤɻ
ද 3.1: αϯϓϧϦετɻ
ࢼྉ໊ AAmఴՃྔ (μL) AAcఴՃྔ (μL) ൓ԠԹ౓ (◦C) ൓Ԡ࣌ؒ (min)
Bare1100 – – 30 30
AAm1100-1 5 – 30 30
AAm1100-2 50 – 30 30
AAm1100-3 500 – 30 30
AAm1100-4 5 – 45 30
AAm1100-5 50 – 45 30
AAm1100-6 500 – 45 30
AAm1100-7 5 – 60 30
AAm1100-8 50 – 60 30
AAm1100-9 500 – 60 30
AAc1100-1 – 5 30 30
AAc1100-2 – 50 30 30
AAc1100-3 – 500 30 30
AAc1100-4 – 50 45 30
AAc1100-5 – 50 60 30
AAc1100-6 – 50 30 60
AAc1100-7 – 50 30 120
ΞϦϧΞϛϯम০ Siྔࢠυοτͷج൘΁ͷݻఆԽ
AAmम০ Siྔࢠυοτͷ GOPTS (3-glycidyloxypropyltrimethoxysilane)ࣗݾ૊৫Խ୯෼ࢠ
ບ (SAM: self-assembled monolayer) ෇͖ج൘΁ͷબ୒ٵணੑʹ͍ͭͯධՁΛߦͬͨɻਤ 3.2
ʹධՁج൘ͷ࡞੡ϓϩηεΛࣔ͢ɻҎԼɺ࡞੡खॱΛࣔ͢ɻ
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(1) SiO2 ج൘ (1× 1 cm2)ΛΞητϯɺ2-ϓϩύϊʔϧɺৠཹਫͷॱʹ௒Ի೾ચড়ث (AS ONE:
ASU-2)Λ༻͍֤ͯ 10෼ؒϏʔΧʔ಺Ͱચড়Λߦͬͨɻ
(2) UV-O3 ΫϦʔφʔ (SAMCO: UV-1)Ͱ 110 ◦C, 20෼ؒ UV-O3 ॲཧ͢Δ͜ͱͰɺج൘ද໘
Λ਌ਫԽ͓Αͼ Si–OHऴ୺Խͤͨ͞ɻͳ͓ɺO2 ྲྀྔ͸ 0.5 L/minͰ͋Δɻ
(3) 100 μLͷ GOPTS (Tokyo Chem Indust.: >95.0% )ͱ 10 mLͷϝλϊʔϧΛԕ௜؅Ͱࠞ߹
͠ɺϘϧςοΫεϛΩαʔ (LMS: VTX-3500)ʹΑΓ᎟፩ͨ͠ɻ͜ͷ༹ӷΛγϟʔϨʹҠ
͠ɺج൘Λਁ௮ͤͨ͞ɻΞϧϛϗΠϧ౳Ͱःޫ্ͨ͠ɺিܸΛ༩͑ͳ͍Α͏ʹҰ൩ (12࣌
ؒఔ౓)੩ஔͨ͠ɻ͜ͷͱ͖ɺGOPTS͸ΤϙΩγج຤୺ͱ 3ͭͷϝτΩγجΛ࣋ͭγϥϯ
ΧοϓϦϯάࡎͰ͋Γɺج൘্ͷ Si–OHجͱ୤ਫ൓ԠʹΑΓڞ༗݁߹Λܗ੒͢Δ [36, 37]ɻ
(4) ج൘ΛऔΓग़͠ɺϝλϊʔϧɺৠཹਫͷॱʹܰ͘ચড়͠ɺN2 ΨεͰס૩ͤͨ͞ɻ
GOPTS-SAMΛই͚ͭΔՄೳੑ͕͋ΔͷͰɺ೦ೖΓʹચড়͢Δඞཁ͸ͳ͍ɻ
(5) GOPTS-SAM ෇͖ج൘Λ 3.5 μg/mL, 1 mL ʹௐ੔ͨ͠ AAm म০ Si ྔࢠυοτ༹ӷ
(AAm1100-2) ʹ 4 ࣌ؒਁ௮ͤ͞Δɻ͜ͷͱ͖ɺΤϙΩγج͸ΞϛϊجͷਫૉݪࢠʹΑΓ
։؀൓ԠΛଅ͞Εɺڞ༗݁߹Λܗ੒͢Δ [37–39]ɻ͜ͷ൓Ԡ͸ΞϥϧμΠτ ®ʹ୅ද͞Ε
ΔΤϙΩγܥ઀ணࡎͰ༻͍ΒΕΔ൓ԠͱಉҰͰ͋Γɺඇৗʹڧݻͳڞ༗݁߹Λܗ੒͢Δɻ
ͳ͓ɺωΨςΟϒίϯτϩʔϧͱͯ͠ɺBare1100༹ӷ (3.5 μg/mL, 1 mL)ʹ 4࣌ؒਁ௮͞
ͤͨج൘΋࡞੡ͨ͠ɻ
(6) ࠷ޙʹج൘Λ༹ӷ͔ΒऔΓग़ͯ͠ɺৠཹਫͰચড়͠ɺN2 ΨεͰס૩ͤͨ͞ɻ
H H H
㻚㻚㻚 㻚㻚㻚
㻚㻚㻚 㻚㻚㻚
SiO2 substrate SiO2 substrate
GOPTS
Wet cleaning
&
UV-O3 treatment
Silane coupling NC immobilization
SiO2 substrate
Si Si Si
Si
AAm-Si NCs
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ΞΫϦϧࢎम০ Siྔࢠυοτͷج൘΁ͷݻఆԽ
AAcम০ Siྔࢠυοτͷ APTMS ((3-aminopropyl)trimethoxysilane)-SAM෇͖ج൘΁ͷબ
୒ٵணੑʹ͍ͭͯධՁΛߦͬͨɻਤ 3.3ʹධՁج൘ͷ࡞੡ϓϩηεΛࣔ͢ɻલઅͱҟͳΓɺج
൘͸ Si ج൘Λ༻͍͓ͯΓɺࣗવࢎԽບ্ͰγϥϯΧοϓϦϯά൓ԠΛߦͬͨɻSiO2 ج൘Α
Γ Siج൘ͷํ͕҆ՁͰՃ޻ੑ͕ྑ͍ͨΊɺόΠΦηϯγϯά΁ͷԠ༻্༏Ε͍ͯΔͱߟ͑Β
ΕΔɻ
(1) Si ج൘ (1 × 1 cm2) ΛΞητϯɺ2-ϓϩύϊʔϧɺৠཹਫͷॱʹ௒Ի೾ચড়ث (AS ONE:
ASU-2)Ͱ֤ 10෼ؒચড়Λߦͬͨɻ
(2) UV-O3 ΫϦʔφʔͰ 110 ◦C, 20 ෼ؒ UV-O3 ॲཧ͢Δ͜ͱͰɺج൘ද໘Λ਌ਫԽ͓Αͼ
Si–OHऴ୺Խͤͨ͞ɻͳ͓ɺO2 ྲྀྔ͸ 0.5 L/minͰ͋Δɻ
(3) 100 μLͷ APTMS (Tokyo Chem Indust.: 97% )ͱ 10 mLͷϝλϊʔϧΛԕ௜؅Ͱࠞ߹͠ɺ
ϘϧςοΫεϛΩαʔʹΑΓ᎟፩ͨ͠ɻ͜ͷ༹ӷΛγϟʔϨʹҠ͠ɺج൘Λਁ௮ͤͨ͞ɻ
ΞϧϛϗΠϧ౳Ͱःޫ্ͨ͠ɺিܸΛ༩͑ͳ͍Α͏ʹҰ൩ (12࣌ؒఔ౓)੩ஔͨ͠ɻ͜ͷ
ͱ͖ɺAPTMS ͸Ξϛϊج຤୺ͱ 3 ͭͷϝτΩγجΛ࣋ͭγϥϯΧοϓϦϯάࡎͰ͋Γɺ
ج൘্ͷ Si–OHجͱ୤ਫ൓ԠʹΑΓڞ༗݁߹Λܗ੒͢Δ [40, 41]ɻ
(4) ج൘ΛऔΓग़͠ɺϝλϊʔϧɺৠཹਫͷॱʹܰ͘ચড়͠ɺN2 ΨεͰס૩ͤͨ͞ɻ
APTMS-SAMΛই͚ͭΔՄೳੑ͕͋ΔͷͰɺ೦ೖΓʹચড়͢Δඞཁ͸ͳ͍ɻ
(5) ΞϛϊجͱΧϧϘΩγϧجؒͰϖϓνυ݁߹Λߏங͢ΔҰൠతͳํ๏͸ɺΧϧϘ
δΠϛυܥͷ EDC/NHS (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide, hydrochloride
/ N-hydroxysuccinimide) ΧοϓϦϯά๏ [18, 20, 42] ΍τϦΞδϯܥͷ DMT-MM
(4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium)[43] ౳ͷॖ߹ࡎΛ༻͍Δํ๏
͕஌ΒΕ͍ͯΔɻຊ࣮ݧͰ͸ AAcम০ Siྔࢠυοτͱ߅ମͱͷϖϓνυ݁߹ܗ੒Ͱطʹ
ใࠂͷ͋Δ EDC/NHSΧοϓϦϯά๏ [18, 20]Λ༻͍ͨɻ
(a) 100 mM, pH 4.7 ʹௐ੔ͨ͠ MES (2-morpholinoethanesulfonic acid, monohydrate:
Dojindo) ؇িӷʹ EDC(Tokyo Chem Indust.: >98.0 % ), NHS(Tokyo Chem Indust.:
>98.0 % )ΛͦΕͧΕ 400, 100 mMͱͳΔΑ͏ʹ༹ղͤͨ͞ɻೱ౓ͷ͹Β͖ͭΛ཈͑
ΔͨΊʹগ͠ଟྔʹ࡞͓͖ͬͯɺ࢖༻͠ͳ͍෼͸ϚΠΫϩνϡʔϒʹ෼஫͠ύϥϑΟ
ϧϜͰแ૷ޙɺྫྷౚอ؅ͨ͠ɻ൓Ԡޮ཰͕མͪΔͷͰɺՄೳͳݶΓ൒೥Ҏ಺ʹ࢖͍੾
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Δ͜ͱɻ
(b) ࢖༻௚લʹ 400 mM EDCͱ 100 mM NHSΛ 1:1ͷൺͰࠞ߹͠ɺϚΠΫϩϐϖοτͰ
᎟፩ͨ͠ɻEDC, NHS͸ 10෼ఔ౓Ͱ׆ੑ͕ࣦΘΕ࢝ΊΔͷͰɺSiྔࢠυοτͱͷ൓
Ԡ௚લʹࠞ߹ͨ͠ɻ
(c) EDC/NHSࠞ߹༹ӷ (6 μL)Λ AAcम০ Siྔࢠυοτ༹ӷ (3.5 μg/mL, 1 mL)ʹ౤ೖ
͠ɺ᎟፩ͨ͠ɻ͜ͷͱ͖ɺΧϧϘΩγϧج͸ NHSΤεςϧʹ׆ੑԽ͞ΕΔɻ
(6) APTMS-SAM෇͖ج൘Λ EDC/NHS׆ੑԽ AAcम০ Siྔࢠυοτ༹ӷʹ 1࣌ؒਁ௮͞
ͤͨɻ͜ͷͱ͖ɺNHS Τεςϧ͸Ξϛϊجͱͷॖ߹൓ԠʹΑΓɺϖϓνυ݁߹Λܗ੒͢
Δ [18, 20, 42]ɻͳ͓ɺωΨςΟϒίϯτϩʔϧͱͯ͠ɺEDC/NHSΛؚΉ Bare1100༹ӷ
(3.5 μg/mL, 1 mL)ʹ 1࣌ؒਁ௮ͤͨ͞ج൘΋࡞੡ͨ͠ɻ
(7) ࠷ޙʹج൘Λ༹ӷ͔ΒऔΓग़ͯ͠ɺৠཹਫͰચড়͠ɺN2 ΨεͰס૩ͤͨ͞ɻ
+
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3.2.2 ࢼྉධՁํ๏
ޫಁաεϖΫτϧଌఆ
ࢼྉͷޫಁա཰͸ಁաܕ෼ޫޫ౓ܭ (SHIMADZU: UV-3101PC) Ͱଌఆͨ͠ɻଌఆൣғ͸
200–1400 nmͱ͠ɺεϦοτ෯͸ 3 nmɺαϯϓϦϯάϐον͸ 1 nmɺεΩϟχϯάεϐʔυ
͸த଎ (200 nm/min)ͱͨ͠ɻࢼྉ͸ίϩΠυ༹ӷΛੴӳηϧʹೖΕͨ΋ͷΛ༻͍ɺϦϑΝϨ
ϯεʹ͸ৠཹਫΛೖΕͨੴӳηϧΛ༻͍ͨɻ
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ಁաܕిࢠݦඍڸ؍࡯
Si ྔࢠυοτΛಁաܕిࢠݦඍڸ (TEM: transmission electron microscope) (JEOL:
JEM-2100F) Ͱ؍࡯ͨ͠ɻՃ଎ిѹ͸ 200 kVɺ֦େഒ཰͸ 10–40 ສഒͱ͢Δɻ؍࡯͢Δ
ࢼྉ͸ɺಔϝογϡʹϑΥϧϜόʔϧΛ੒ບ͠ΧʔϘϯίʔτͰิڧ͞Εͨ TEM؍࡯༻ࢧ࣋
ບ্ʹɺ༹ӷΛ 1ణణԼͯ͠࡞੡ͨ͠ɻྔࢠυοτͷαΠζ෼෍͸ϑϦʔιϑτ΢ΣΞ Image
JʹΑΓ TEM૾্ͷཻ֤ࢠͷ໘ੵʹؔ͢Δ৘ใΛऔΓग़͠ɺ໘ੵฏۉܘΛ౷ܭॲཧ͢Δ͜ͱ
Ͱࢉग़ͨ͠ɻ
੺֎ٵऩεϖΫτϧଌఆ
ද໘म০ͨ͠ Si ྔࢠυοτද໘ͷԽֶ݁߹Λௐ΂ΔͨΊʹɺ੺֎ٵऩεϖΫτϧΛଌ
ఆ͢Δɻଌఆʹ͸ FT-IR ૷ஔ (PerkinElmer: Spectrum GX) Λ༻͍Δɻࢼྉ͸ɺਅۭৠண
๏ʹΑΓ Ti, Au ͷॱʹͦΕͧΕ 5 nm, 100 nm ఔ౓ίʔτͨ͠ Si ج൘্ʹίϩΠυঢ়
Si ྔࢠυοτΛ 10 μL ణԼɺס૩Λ 3 ճ܁Γฦͨ͠΋ͷΛɺ൓ࣹܕଌఆ૷ஔΛ༻͍ͯଌ
ఆ͢Δɻਫ༹ഔ͸ס૩ʹ࣌ؒΛཁ͢ΔͨΊɺਅۭσγέʔλ಺Ͱૉૣ͘ס૩ͤ͞Δɻͳ
͓ɺೖࣹ֯͸ 5 ◦ ͱ͠ɺס૩ۭؾதͰଌఆΛߦͬͨɻຊ࣮ݧͰ͸ Si ྔࢠυοτͷද໘म
০͞Ε͍ͯΔ౓߹͍Λ஌ΔͨΊʹɺSi–H, Si–O–Si, Si–C, B–O–B ͷ֤Ϙϯυ਺ʹ͍ͭͯɺ
ٵޫ౓ͷੵ෼஋ (Iabs) ͔Βݟੵ΋ͬͨɻද໘ͷϘϯυ਺͸ٵޫ౓ͷੵ෼஋ͱٵऩ܎਺ (A)
ͷֻ͚ࢉͰදͤΔɻSi–H ͸ 2000–2250 cm−1ɺSi–O ͸ 915–1220 cm−1ɺSi–C ͸ 750–830
cm−1ɺB–O–B ͸ 1300–1500 cm−1 ͷͦΕͧΕͷΤϦΞΛੵ෼ͨ͠ɻٵऩ܎਺ͷ஋͸จݙ஋
ASi−H = 1.4 × 1020 cm−2, ASi−O = 9.5 × 1018 cm−2, ASi−C = 2.13 × 1019 cm−2[44, 45]Λ༻͍ͨɻ
B–O–BͷϘϯυ਺ʹ͍ͭͯ͸௚઀తʹࢉग़͢Δͷ͕ࠔ೉ͳͨΊɺจݙ [46]ΛࢀߟʹϘϩγϦ
έʔτΨϥεதͷ B2O3 ͷϞϧ෼཰͔ΒٻΊΔɻB–O Ϙϯυ਺͸ B2O3 ࣗ਎ͷ 2 ഒͰ͋Δ͜
ͱʹ஫ҙͯ͠ɺશମʹ઎ΊΔׂ߹ (NB−O)Λ࣍ͷࣜͰٻΊͨ [46]ɻ
NB−O =
Iabs,B−O
Iabs,Si−O
× 0.25 × 2 (3.1)
ൃޫεϖΫτϧଌఆ
ൃޫεϖΫτϧ͸ܬޫ෼ޫޫ౓ܭ (Horiba: Fluorolog-3)Λ༻͍ͯଌఆͨ͠ɻ͜ͷ૷ஔͰ͸ɺ
ྭىޫ͸μϒϧϞϊΫϩϝʔλʔͰ෼ޫ͞Εͨ 450 W Xeϥϯϓ෼ޫઢ (405 nm)Λ༻͍ɺγ
ϯάϧϞϊΫϩϝʔλʔͰ෼ޫ͞Εͨൃޫઢ͸ޫిࢠ૿ഒ؅ (ՄࢹྖҬ, 500–850 nm) ͋Δ͍
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͸ӷମ஠ૉྫྷ٫ InGaAsۙ੺֎ϑΥτμΠΦʔυ (800–1400 nm)Ͱݕग़͞ΕΔɻޫిࢠ૿ഒ؅
Λ༻͍Δͱ͖͸ϩϯάύεϑΟϧλʔ (HOYA: Y44)ɺInGaAsϑΥτμΠΦʔυͰ͸ϩϯάύ
εϑΟϧλʔ (HOYA: IR75)Λݕग़ଆ෼ޫثεϦοτલʹ഑ஔͨ͠ɻೖࣹ͓Αͼݕग़εϦοτ
෯͸ 5 nm bandpassͱͨ͠ɻࢼྉ͸ίϩΠυঢ় SiྔࢠυοτΛੴӳηϧʹೖΕͯଌఆͨ͠ɻ
ൃޫण໋ଌఆ
ਤ 3.4ʹൃޫ࣌ؒԠ౴ଌఆܥͷུ֓ਤΛࣔ͢ɻྭىޫݯʹ͸೾௕ 405 nmͷ൒ಋମϨʔβʔ
μΠΦʔυ (COHERENT: CUBE 1073840) Λ༻͍ͨɻ͜ͷྭىޫΛύϧεδΣωϨʔλʔ
(IWATSU: PG–230)Ͱύϧε෯ 0.5 msɺ܁Γฦ͠प೾਺ 1 kHzͱͳΔΑ͏ʹઃఆ͠ɺ405 nm
ͷόϯυύεϑΟϧλʔ (Edmund: 65-678)͓Αͼয఺ڑ཭ 150 mmͷϨϯζΛ༻͍ͯूޫ͠
ͨɻࢼྉ͸ίϩΠυ༹ӷΛੴӳηϧʹೖΕͨ΋ͷΛ༻͍ɺൃޫ༹͕ഔͷਫʹΑΓٵऩ͞ΕΔͷ
Λ๷͙ͨΊྭىޫরࣹҐஔΛਤ 3.4ͷΑ͏ʹௐ੔ͨ͠ɻݕग़ޫ͸ྭىޫͱ 90◦ Λͳ͢ํ޲ͷޫ
ͱ͠ɺয఺ڑ཭͕ 150 mmͱ 250 mmͷϨϯζΛ༻͍ͯɺ෼ޫث (Acton: SpectraPro-300i)ͷ
εϦοτ্ʹूޫͨ͠ɻϨʔβʔͷࢄཚޫΛআڈ͢ΔͨΊʹεϦοτखલ͔Β 425 nmͷ OD4
ϩϯάύεϑΟϧλʔ (Edmund: 84-742)ͱμΠΫϩΠοΫϑΟϧλʔ (Edmund: J52529)Λ
഑ஔͨ͠ɻݕग़ثʹ͸ ICCD (intensiﬁed charge coupled device) (Princeton Instrument: PI-Max)
Λ༻͍ͨɻϦϑΝϨϯεͱͳΔτϦΨʔ৴߸͸ύϧεδΣωϨʔλʔ͔Βͷ৴߸Λ࢖༻ͨ͠ɻ
ݪࢠؒྗݦඍڸଌఆ
Si ྔࢠυοτΛݻఆԽͨ͠ج൘Λݪࢠؒྗݦඍڸ (AFM: atomic force microscope) (SII:
SPA-400)Ͱ؍࡯ͨ͠ɻଌఆ͸ dynamic force mode (DFM)ͰߦͬͨɻDFM͸λοϐϯάϞʔ
υͱ΋ݺ͹Εɺڞৼͤͨ͞ΧϯνϨόʔͷৼಈৼ෯͕ҰఆͱͳΔΑ͏ʹਂ਑ͱࢼྉؒͷڑ཭Λ
੍ޚ͢Δ͜ͱͰɺද໘ܗঢ়Λଌఆ͢Δख๏Ͱ͋Δɻ
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ਤ 3.4: ൃޫण໋ଌఆܥͷུ֓ਤɻ
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3.3 ࣮ݧ݁Ռɾߟ࡯
3.3.1 B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτͷجૅ෺ੑ
ਤ 3.5(a) ʹਫʹ෼ࢄͨ͠ B, P ಉ࣌υʔϓίϩΠυঢ় Si ྔࢠυοτ (Bare1100) ͷ༹ӷͷ
ޫಁաεϖΫτϧ͓ΑͼࣸਅΛࣔ͢ɻۙ੺֎ྖҬͰ 90% Ҏ্ͷߴ͍ಁա཰Λอ͍࣋ͯ͠Δɻ
͜Ε͸ޫࢄཚΛى͜͢Α͏ͳେ͖͍ڽूମͷӨڹ͕΄ͱΜͲͳ͘ɺྔࢠυοτ͕ਫதͰ෼
ࢄ͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δɻ·ͨɺࣸਅ͔Β͸ԫ৭͘৭༹͍ͮͨӷ͕࡞੡Ͱ͖͍ͯΔɻਤ
3.5(b) ʹ B, P ಉ࣌υʔϓ Si ྔࢠυοτ (Bare1100) ͷ TEM ૾Λࣔ͢ɻྔࢠυοτ͸ฏ໘త
ʹ഑ྻ͓ͯ͠Γɺ3 ࣍ݩతͳڽू෺͸؍ଌ͞Εͳ͔ͬͨɻTEM ͔Βݟੵ΋ͬͨฏۉͷཻࢠ
αΠζ͸ 4.4 ± 0.7 nm Ͱ͋Δɻ͜ͷ݁Ռ͸ Si ྔࢠυοτ༹͕ӷதͰ׬શͳ෼ࢄମͰ͋Δ͜
ͱΛ͍ࣔͯ͠Δɻ·ͨɺߴ෼ղೳ TEM ૾ (ਤ 3.5(b, inset)) Ͱ͸ Si ݁থͷ {111} ໘ʹରԠ͢
Δ֨ࢠࣶ (֨ࢠ໘ִؒ: 0.314 nm) ͕ݟΒΕΔ͜ͱ͔ΒɺSi ͷ୯݁থ͕Ͱ͖͍ͯΔ͜ͱ͕Θ
͔Δɻਤ 3.5(c) ʹϝλϊʔϧʹ෼ࢄ͔ͤͯ͞Β 3 ࣌ؒҎ಺ͷ B, P ಉ࣌υʔϓ Si ྔࢠυο
τ (Bare1100) ͷ੺֎ٵऩεϖΫτϧΛࣔ͢ɻ࠷΋ڧ͍ϐʔΫ (2100–2200 cm−1) ͸ Si–H Ϙ
ϯυͷ stretching vibration ϞʔυʹΑΔ΋ͷͰ͋Δɻ͜ͷϐʔΫͷଘࡏ͸ώυϩγϦϧԽ൓
ԠΛߦ͏্ͰॏཁͰ͋Δɻ∼1070 cm−1 ͷϐʔΫ͸ Si–O–Si ͷ assymetric stretching vibration
ϞʔυʹରԠ͍ͯ͠Δɻ·ͨɺଞͷऑ͍ϐʔΫ͸ͦΕͧΕ H–O–H bending (1600–1750 cm−1),
B–O–B stretching (1300–1500 cm−1), Si–OH stretching (800–900 cm−1), Ox–Si–Hy bending
(800–900 cm−1) ϞʔυʹରԠ͓ͯ͠Γɺ༗ػ෺ (–CH3 ౳) ʹؔ͢ΔϐʔΫ͸؍ଌ͞Εͳ͔ͬ
ͨ [47, 48]ɻओཁͳϐʔΫͷৼಈࢠڧ౓͔Βݟੵ΋ͬͨྔࢠυοτද໘ͷऴ୺ׂ߹͸ͦΕͧΕ
Si − H : Si − O : B − O = 86% : 7% : 7%Ͱ͋ͬͨɻද໘ऴ୺ͷׂ߹͸༹ഔதͰͷอଘظؒʹ
େ͖͘ґଘ͢Δ͜ͱ͕Θ͔͍ͬͯΔɻ௕ظؒอଘ͢Δͱද໘ੵʹର͢Δ Si–HϘϯυͷׂ߹͕
ݮΔͱͱ΋ʹ Si–OϘϯυͷׂ߹͕૿Ճ͢Δ [49]ͷͰɺώυϩγϦϧԽʹ͸Τονϯά௚ޙͷ
Si ྔࢠυοτΛ༻͍Δඞཁ͕͋Δɻਤ 3.5(d) ʹ B, P ಉ࣌υʔϓ Si ྔࢠυοτͷൃޫεϖΫ
τϧ (ਫ༹ഔ)Λࣔ͢ɻ1.5 eV෇ۙʹϐʔΫΛ࣋ͭۙ੺֎ൃޫΛ؍ଌͨ͠ɻ͜ͷൃޫىݯ͸ྔ
ࢠυοτ಺ͷυφʔ͓ΑͼΞΫηϓλ४ҐؒͷޫֶભҠʹΑΔ΋ͷͰ͋Δͱߟ͑ΒΕΔ [50]ɻ
ͳ͓ɺεϖΫτϧதͷ dipߏ଄ͷ༝དྷ͸༹ഔͰ͋ΔਫʹΑͬͯൃޫ͕ٵऩ͞Ε͍ͯΔͨΊͰ͋
ΔɻҎ্ͷ݁Ռ͸ఆੑతʹաڈͷใࠂͱಉҰͷ B, Pಉ࣌υʔϓ Siྔࢠυοτ͕࡞੡Ͱ͖͍ͯ
Δ͜ͱΛ͍ࣔͯ͠Δ [27]ɻ
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ਤ 3.5: ਫʹ෼ࢄͨ͠ B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτ (Bare1100, ∼150 μg/mL)ͷ (a)
ޫಁաεϖΫτϧ (inset: ༹ӷͷࣸਅ)ɺ(b) TEM૾ (inset: ߴ෼ղ TEM૾)ɺ(c)੺֎ٵऩεϖ
Ϋτϧɺ(d)ൃޫεϖΫτϧɻ
3.3.2 ද໘म০ͨ͠ίϩΠυঢ় Siྔࢠυοτͷجૅ෺ੑ
ද໘म০ͨ͠ίϩΠυঢ় Siྔࢠυοτͷਫ෼ࢄੑ
ਤ 3.6(a, b)ʹ AAm͓Αͼ AAcम০ίϩΠυঢ় SiྔࢠυοτͷࣸਅΛࣔ͢ɻ͍ͣΕͷ৚݅
ʹ͓͍ͯ΋ԫ৭͘৭༹͍ͮͨӷ͕࡞੡Ͱ͖͓ͯΓɺఆੑతʹද໘म০લͱมԽ͸ͳ͍ɻ৚݅ʹ
ΑΓ৭͕ҟͳΔͷ͸෼ࢄ͍ͯ͠Δ Siྔࢠυοτͷྔ͕ҟͳΔͨΊͰ͋Δɻ
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(a) AAm1100-
1 2 3 4 5 6 7 8 9
(b) AAc1100-
1 2 3 4 5 6 7
ਤ 3.6: (a) AAm, (b) AAcम০ίϩΠυঢ় Siྔࢠυοτ (ਫ༹ഔ)ͷࣸਅɻ
ਤ 3.7ʹ AAm (AAm1100-2)͓Αͼ AAc (AAc1100-2)म০ίϩΠυঢ় Siྔࢠυοτ (ਫ༹
ഔ)ͷޫಁաεϖΫτϧΛࣔ͢ɻ௕೾௕ྖҬͰ 90%Ҏ্ͷಁա཰Λอ͓࣋ͯ͠Γɺද໘म০͠
ͨ Siྔࢠυοτͷ෼ࢄੑ͕ඇৗʹߴ͍͜ͱΛ͍ࣔͯ͠Δɻͳ͓ɺΘ͔ͣͳεϖΫτϧͷγϑ
τ͸༹ӷͷ Siྔࢠυοτೱ౓͕Θ͔ͣʹҟͳΔͨΊͰ͋Δɻ
ਤ 3.8(a, b)ʹ AAm (AAm1100-2)͓Αͼ AAc (AAc1100-2)म০ίϩΠυঢ় Siྔࢠυοτ
ͷ TEM૾Λࣔ͢ɻBare1100(ਤ 3.5(b))ಉ༷ɺ3࣍ݩతͳڽू෺͸؍ଌ͞Εͳ͔ͬͨɻ͜ͷ݁
Ռ΋࡞੡ͨ͠ද໘म০ Si ྔࢠυοτͷ෼ࢄੑ͕ߴ͍͜ͱΛ͍ࣔͯ͠Δɻਤ 3.8(c-e) ʹ TEM
૾͔Βݟੵ΋ͬͨ Bare1100, AAm1100-2, AAc1100-2 ͦΕͧΕͷཻࢠαΠζ෼෍Λࣔ͢ɻྔ
ࢠυοτͷฏۉཻࢠαΠζ͸ද໘म০લޙͰେ͖͘มԽͤͣɺ໿ 4.5 nmͰ͋Δɻ
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ਤ 3.7: AAm (AAm1100-2)͓Αͼ AAc (AAc1100-2)म০ίϩΠυঢ় Siྔࢠυοτ (ਫ༹ഔ)
ͷޫಁաεϖΫτϧɻ
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ਤ 3.8: (a) AAm (AAm1100-2), (b) AAc (AAc1100-2) म০ίϩΠυঢ় Si ྔࢠυοτͷ TEM
૾ɻਤதͷεέʔϧόʔ͸ 20 nmͰ͋Δɻ(c) Bare1100, (d) AAm1100-2, (e) AAc1100-2ͷཻ
ࢠαΠζ෼෍ɻ
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੺֎ٵऩεϖΫτϧ
ਤ 3.9 ʹ AAm ෼ࢠ͓Αͼ AAm म০ Si ྔࢠυοτͷ੺֎ٵऩεϖΫτϧΛࣔ͢ɻSi–H
stretchingϞʔυͷڧ౓͕ݮগ͢Δͱͱ΋ʹɺऑ͍ϐʔΫͰ͋Δ͕ Si–C stretching (∼790 cm−1)ɺ
Si–C deformation (1450–1460 cm−1)ɺSi–C bending (1250–1270 cm−1)[51]ɺN–H deformation
(1560–1650 cm−1) Ϟʔυ͕͢΂ͯͷࢼྉͰ؍ଌ͞Εͨɻ·ͨɺC=C stretching (1640–1680
cm−1)ɺC=C wagging (900–950 cm−1)Ϟʔυ͕؍ଌ͞Εͳ͍͜ͱ͔Βɺະ൓Ԡͷ AAm෼ࢠ͸
ଘࡏ͠ͳ͍͜ͱ͕Θ͔Δɻ͜ΕΒͷ݁Ռ͸ Siྔࢠυοτද໘ʹ AAm෼ࢠ͕म০͞Ε͍ͯΔ
͜ͱΛ͍ࣔͯ͠ΔɻओཁͳϐʔΫͷৼಈࢠڧ౓͔Βݟੵ΋ͬͨྔࢠυοτද໘ͷऴ୺ׂ߹͸ͦ
ΕͧΕ Si − H : Si − O : Si − C : B − O = 55% : 39% : 1% : 5% (AAm1100-2)Ͱ͋ͬͨɻ
ਤ 3.10 ʹ AAc ෼ࢠ͓Αͼ AAc म০ Si ྔࢠυοτͷ੺֎ٵऩεϖΫτϧΛࣔ͢ɻAAm
म০ͷ৔߹ಉ༷ɺSi–H ͷϐʔΫ͕ݮগ͠ɺSi–C ؔ࿈ͷϐʔΫ͓Αͼ C=O stretching Ϟʔυ
(∼1730 cm−1)͕؍ଌ͞ΕͨɻC=Cؔ࿈ͷϐʔΫ΋ଘࡏ͠ͳ͍͜ͱ͔ΒɺAAc෼ࢠ΋ Siྔࢠ
υοτද໘ʹम০͞Ε͍ͯΔ͜ͱ͕Θ͔ΔɻओཁͳϐʔΫͷৼಈࢠڧ౓͔Βݟੵ΋ͬͨྔࢠ
υοτද໘ͷऴ୺ׂ߹͸ͦΕͧΕ Si − H : Si − O : Si − C : B − O = 49% : 38% : 1% : 12%
(AAc1100-2)Ͱ͋ͬͨɻཻࢠαΠζ ∼4 nmͷ Siྔࢠυοτද໘ʹम০͞Εͨ AAm෼ࢠ͓Α
ͼ AAc෼ࢠ਺Λ Si–Cͷׂ߹ (1% )͔Βݟੵ΋Δͱɺ໿ 10ݸͰ͋ͬͨɻੜମ෼ࢠΛ Siྔࢠ
υοτͰඪࣝԽ͢Δࡍʹम০෼ࢠ͕ଟ͍ͱɺSi ྔࢠυοτΛհͯ͠ੜମ෼ࢠͷՍڮߏ଄Λܗ
੒ͯ͠͠·͏Մೳੑ͕͋Δ [18]ɻ͜Ε͸߅ݪ߅ମ൓Ԡϕʔεͷੜମηϯγϯάʹ͓͍ͯɺ߅ݪ
ͱ߅ମ͕ 1ର 1ରԠ͠ͳ͍ͨΊɺݕग़ޮ཰ͷ௿ԼΛট͘ɻ͕ͨͬͯ͠ɺࠓճ࡞੡ͨ͠༗ػ෼ࢠ
म০ Siྔࢠυοτ͸म০෼ࢠ਺͕গͳ͍͕Ώ͑ʹɺ߅ମͷඪࣝ཰Λ্͛Δ͜ͱ͕ՄೳͳͨΊɺ
S/Nൺ޲্ʹͭͳ͕Δ͜ͱ͕ظ଴͞ΕΔɻ
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ਤ 3.9: AAm෼ࢠ͓Αͼ AAmम০ Siྔࢠυοτͷ੺֎ٵऩεϖΫτϧɻ
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ਤ 3.10: AAc෼ࢠ͓Αͼ AAcम০ Siྔࢠυοτͷ੺֎ٵऩεϖΫτϧɻ
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ώυϩγϦϧԽͷϝΧχζϜʹ͍ͭͯ͸࣮ݧͱཧ࿦ͷ྆໘͔Β༷ʑͳٞ࿦͕ͳ͞Ε͍ͯΔ
[52]ɻਤ 3.11 ʹݱࡏఏএ͞Ε͍ͯΔۚଐ৮ഔ͕ଘࡏ͠ͳ͍৔߹ͷώυϩγϦϧԽ൓ԠͷϝΧ
χζϜΛࣔ͢ [53]ɻώυϩγϦϧԽ൓Ԡͷܦ࿏ͱͯ͠େ͖͘෼͚ͯ 2 ͭఏএ͞Ε͓ͯΓɺ(i)
ࣗ༝ϥδΧϧ͕ؔ༩ͨ͠ܥͱ (ii)ྭىࢠ͕ؔ༩ͨ͠ܥ͕͋Δɻਤ 3.11(a)ͷܥ͸೤ͷଘࡏ΍ޫ
রࣹԼʹ͓͚ΔώυϩγϦϧԽΛઆ໌͢Δ΋ͷͰɺෆରిࢠΛ࣋ͭ Siද໘ʹΞϦϧج͕൓Ԡ
Λى͜͢͜ͱʹΑΓ༗ػ෼ࢠम০͞ΕΔ [54–57]ɻਤ 3.11(b)͸φϊϝʔτϧΦʔμʔͷ Siද
໘ʹ͓͚ΔώυϩγϦϧԽΛઆ໌͢Δ΋ͷͰɺޫরࣹʹΑΓੜ੒ͨ͠ྭىࢠ͕ Siද໘ͱ༗ػ
෼ࢠؒͰిՙҠಈ͢Δ͜ͱͰ༗ػ෼ࢠम০͞ΕΔ [58]ɻਤ 3.11(c)͸όϧΫαΠζͷ Siද໘ʹ
͓͚ΔώυϩγϦϧԽΛઆ໌͢Δ΋ͷͰɺྭىࢠͷଘࡏԼͰ Si࠯தͷ 1͕ͭϥδΧϧԽͯ͠ɺ
ۙ઀͢Δ Siʹ༗ػ෼ࢠम০͞ΕΔ [59]ɻຊ࣮ݧͰ͸Ճ೤ʹΑΓώυϩγϦϧԽΛߦ͍ͬͯΔ
ͨΊɺਤ 3.11(a)ͷܦ࿏ͰώυϩγϦϧԽ͕ਐߦ͍ͯ͠Δͱߟ͑ΒΕΔɻ
ਤ 3.11: ۚଐ৮ഔ͕ଘࡏ͠ͳ͍৔߹ͷώυϩγϦϧԽ൓ԠͷϝΧχζϜ [53]ɻ(a) ೤΍ޫরࣹ
Լʹ͓͚Δࣗ༝ϥδΧϧ͕ؔ༩ͨ͠൓Ԡܥɻ(b)ྔࢠυοτ͔ͭޫরࣹԼʹ͓͚Δྭىࢠ͕ؔ
༩ͨ͠൓Ԡܥɻ(c)όϧΫ Si͔ͭޫরࣹԼʹ͓͚Δྭىࢠ͕ؔ༩ͨ͠൓Ԡܥɻ
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ൃޫಛੑ
ਤ 3.12 ʹਫʹ෼ࢄͨ͠ද໘म০ Si ྔࢠυοτͷൃޫεϖΫτϧͷ (a) ൓Ԡྔґଘੑɺ(b)
൓ԠԹ౓ґଘੑɺ(c) ൓Ԡ࣌ؒґଘੑΛࣔ͢ɻAAm1100-3 Λআ͘શͯͷ࡞੡৚݅ʹ͓͍ͯɺ
1.5–1.6 eVʹϐʔΫΛ࣋ͭൃޫεϖΫτϧΛ؍ଌͨ͠ɻBare1100ͷൃޫεϖΫτϧͱൺֱ͠
ͯɺൃޫϐʔΫҐஔͷγϑτ͸Θ͔ͣͰ͋Δɻ͜Ε͸ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫϝ
ΧχζϜ͕ද໘ͷมԽʹಷײͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻද໘म০ϓϩηεલޙͰ Siྔࢠυο
τͷൃޫಛੑ͕มԽ͠ͳ͍͜ͱ͸࢈ۀԠ༻্ۃΊͯॏཁͰ͋Δɻ
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ਤ 3.12: ਫʹ෼ࢄͨ͠ද໘म০ SiྔࢠυοτͷൃޫεϖΫτϧͷ (a)൓Ԡྔґଘੑɺ(b)൓Ԡ
Թ౓ґଘੑɺ(c)൓Ԡ࣌ؒґଘੑɻ
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ਤ 3.13(a) ʹਫʹ෼ࢄͨ͠ද໘म০ Si ྔࢠυοτͷൃޫϐʔΫڧ౓ͷ൓ԠྔґଘੑΛࣔ
͢ɻڧ౓ൺֱͷͨΊɺSiྔࢠυοτ༹ӷͷೱ౓ͱྔ͸ͦΕͧΕ 100 μg/mL, 500 μLʹଗ͑ͨɻ
AAc म০ Si ྔࢠυοτͰ͸൓Ԡྔ͕૿͑Δ΄Ͳൃޫڧ౓͕૿Ճ͓ͯ͠Γɺ50, 500 μL Ͱ͸
Bare1100 ͷൃޫڧ౓ΑΓߴ͍ɻAAm म০ Si ྔࢠυοτͰ͸શମతʹ Bare1100 ͷൃޫڧ౓
ΑΓ௿͘ɺ൓Ԡྔ͕૿͑Δ΄Ͳൃޫڧ౓͸ݮগ܏޲ʹ͋Δɻਤ 3.13(a)ʹਫʹ෼ࢄͨ͠ද໘म
০ SiྔࢠυοτͷൃޫϐʔΫڧ౓ͷ൓ԠԹ౓ґଘੑΛࣔ͢ɻAAcम০ SiྔࢠυοτͰ͸ 45
◦Cͷͱ͖ൃޫڧ౓͕࠷େͱͳΓɺ60 ◦CͰ͸ݮগʹసͨ͡ɻAAmम০ SiྔࢠυοτͰ͸൓
ԠԹ౓ʹରͯ͠໌֬ͳ܏޲͸ݟΒΕͳ͍ɻਤ 3.13(c)ʹਫʹ෼ࢄͨ͠ද໘म০ Siྔࢠυοτͷ
ൃޫϐʔΫڧ౓ͷ൓Ԡ࣌ؒґଘੑΛࣔ͢ɻAAcम০ SiྔࢠυοτͰ͸͍ͣΕͷ൓Ԡ࣌ؒͰ΋
Bare1100ΑΓൃޫڧ౓͕ߴ͘ɺ120 minͷͱ͖ൃޫڧ౓͸࠷େͱͳͬͨɻ
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ਤ 3.13: ਫʹ෼ࢄͨ͠ද໘म০ SiྔࢠυοτͷൃޫϐʔΫڧ౓ͷ (a)൓Ԡྔґଘੑɺ(b)൓Ԡ
Թ౓ґଘੑɺ(c)൓Ԡ࣌ؒґଘੑɻ
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ਤ 3.14ʹਫʹ෼ࢄͨ͠ද໘म০ SiྔࢠυοτͷൃޫݮਰۂઢΛࣔ͢ɻฏۉൃޫण໋ τ ͸Ҏ
ԼͷࣜͰٻΊͨɻ
τ =
∫ ∞
t0
I (t)
I0
dt (3.2)
ͳ͓ɺI (t) ͸࣌ؒ t ʹ͓͚Δൃޫڧ౓ɺI0 ͸࣌ؒ t0 ʹ͓͚Δॳظͷڧ౓Ͱ͋Δɻ͍ͣΕͷࢼ
ྉ΋਺े μsΦʔμʔͰ͋Γɺද໘म০લޙͰൃޫण໋͸ͦΕ΄Ͳେ͖͘มԽ͠ͳ͍ɻൃޫΤ
ωϧΪʔ͕΄΅มԽ͠ͳ͍͜ͱΛߟྀ͢Δ (ਤ 3.12)ͱɺ͜Ε͸ൃޫͷϝΧχζϜ͕ද໘म০
ʹΑͬͯมԽ͠ͳ͍͜ͱΛද͍ͯ͠Δɻम০෼ࢠʹΑΔൃޫಛੑͷಷײ͞͸ Siྔࢠυοτද
໘ͷ B, P ಉ࣌υʔϓγΣϧ [60] ͕ؔ༩͍ͯ͠ΔՄೳੑ͕͋Δɻ͜ͷγΣϧ͕ Si ྔࢠυοτ
ද໘͔ΒྭىࢠΛԕ͚͟Δ͜ͱͰɺम০ޙʹ͓͍ͯ಺෦Ͱͷྭىࢠ࠶݁߹Λอ࣋Ͱ͖͍ͯΔͱ
ߟ͑ΒΕΔɻ͜ͷൃޫण໋͸ΞϧΩϧج΍ενϨϯऴ୺ SiྔࢠυοτͰ؍ଌ͞Ε͍ͯΔ΋ͷ
[61–63]ͱ΄΅ಉ౳Ͱ͋ΓɺΞϛϊج΍ΧϧϘΩγϧجऴ୺ͷ SiྔࢠυοτͰใࠂͷ͋Δφϊ
ඵΦʔμʔͷൃޫण໋ [13, 14, 64–66]ʹൺ΂ͯ௕͍ɻ
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ਤ 3.14: ਫʹ෼ࢄͨ͠ද໘म০ Siྔࢠυοτͷൃޫݮਰۂઢɻ
ඇൃޫ࠶݁߹Ϩʔτ͸ྔࢠυοτද໘ͷμϯάϦϯάϘϯυͷີ౓ʹؔ܎͕͋Δͱߟ͑ΒΕ
[67]ɺද໘म০ͨ͠෼ࢠͱྔࢠυοτද໘Ͱͷ૬ޓ࡞༻ʹΑΓൃޫಛੑ͕༷ʑʹมԽ͢Δ (ਤ
3.15(a))[68]ɻਤ 3.14ʹ͓͍ͯ AAc1100-2ͷൃޫण໋͕ Bare1100ΑΓ௕͍ݪҼ͸ɺද໘म০
ϓϩηεʹΑͬͯࢎԽͳͲͷӨڹʹΑΓɺද໘ܽؕΛհͨ͠ඇൃޫ࠶݁߹͕཈੍͞ΕͨͨΊͰ
͋Δͱߟ͑ΒΕΔɻҰํɺAAm1100-2ͷൃޫण໋͕ Bare1100ΑΓ୹͍ݪҼ͸ɺ൓Ԡ༹ӷͷ
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pH ͕ߴ͍ (>pH 12) ͨΊʹώυϩγϦϧԽϓϩηεதʹྔࢠυοτද໘͕ΞϧΧϦΤονϯ
ά͞ΕͨՄೳੑ͕ڍ͛ΒΕΔ [69]ɻ·ͨɺൃޫڧ౓ͷมԽʹ͍ͭͯ΋ಉ༷ʹɺද໘ܽؕͱؔ܎
͕͋Δͱߟ͑ΒΕΔɻΞϧΧϦΤονϯάʹΑΓද໘ܽؕͷ਺͕૿͑ΔͨΊʹɺAAmम০ Si
ྔࢠυοτͷൃޫڧ౓͸ද໘म০લͷ Siྔࢠυοτͱൺֱͯ͠ݮগ͍ͯ͠ΔɻҰํɺAAcम
০ Siྔࢠυοτͷൃޫڧ౓͸ද໘ܽؕͷݮগʹΑͬͯ૿Ճ͍ͯ͠Δͱߟ͑ΒΕΔɻAAcम০
Si ྔࢠυοτͷൃޫڧ౓ʹ͓͚Δ൓Ԡྔґଘੑ͓Αͼ൓Ԡ࣌ؒґଘੑ͸ಉ͘͡ද໘ܽؕͰઆ
໌Ͱ͖Δ͕ɺAAmम০ SiྔࢠυοτΛؚΉͦΕҎ֎ͷύϥϝʔλʹ͍ͭͯ͸ද໘ܽؕͰ͸આ
໌Ͱ͖ͳ͍ɻ
ਤ 3.12ͷ AAmम০ Siྔࢠυοτʹ͓͍ͯɺࢵ֎ྖҬͰൃޫڧ౓͕૿Ճ͍ͯ͠ΔɻΞϛϊ
جऴ୺ Siྔࢠυοτͷࢵ֎ൃޫͷϝΧχζϜ͸େ͖͘෼͚ͯ 2ͭఏএ͞Ε͓ͯΓɺ1ͭ͸ Si
ྔࢠυοτ಺ͷ௚઀ભҠաఔʹΑΔྭىࢠ࠶݁߹ [15, 17, 65]ɺ΋͏ 1ͭ͸஠ૉ΍ࢎૉͷہࡏ
४ҐʹΑΔ΋ͷ [14, 64, 68, 70]Ͱ͋Δɻ·ͨଞͷՄೳੑͱͯ͠ɺAAm෼ࢠͷܬޫ͕ߟ͑ΒΕ
Δ (ਤ 3.15(b))ɻ
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ਤ 3.15: (a)༷ʑͳ෼ࢠͰम০ͨ͠ Siྔࢠυοτ༹ӷͷൃޫͷ༷ࢠ [68]ɻ(b) AAm͓Αͼ AAc
෼ࢠͷܬޫεϖΫτϧɻ
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3.3.3 ද໘म০ͨ͠ Siྔࢠυοτͷಛҟٵணੑ
ΞϦϧΞϛϯम০ SiྔࢠυοτͷΤϙΩγج΁ͷಛҟٵணੑ
AAm म০ Si ྔࢠυοτͷ GOPTS-SAM ෇͖ SiO2 ج൘΁ͷಛҟٵணੑʹ͍ͭͯධՁΛ
ߦͬͨɻಛҟٵண (speciﬁc adsorption)ͱ͸ڞ༗݁߹౳ͷԽֶ݁߹Λܗ੒ͯ͠ٵண͍ͯ͠Δঢ়
ଶΛࢦ͠ɺඇಛҟٵண (non-speciﬁc adsorption)ͱ͸੩ిؾྗ౳ͷ෺ཧతͳྗʹΑΓٵணͯ͠
͍Δঢ়ଶΛࢦ͢ɻਤ 3.16(a–d)ʹ (a) SiO2 ج൘ɺ(b–d) GOPTS-SAM෇͖ SiO2 ج൘Λ (b)ৠཹ
ਫɺ(c) Bare1100༹ӷɺ(d) AAm1100-2༹ӷʹਁ௮ͤͨ͞৔߹ͷද໘ܗঢ়૾Λࣔ͢ɻਤ 3.16(a,
b)Ͱ͸ϑϥοτͳܗঢ়૾͕؍ଌ͞Εɺཻࢠঢ়ͷ΋ͷ͸·ͬͨ͘؍ଌ͞Εͳ͔ͬͨɻਤ 3.16(c)
Ͱ͸ 1 μm࢛ํͷج൘্ʹ 10ݸఔ౓ͷ Siྔࢠυοτ͕؍ଌ͞ΕͨɻҰํɺAAm1100-2Λ༻
͍ͨࢼྉ (ਤ 3.16(d))Ͱ͸ɺ100ݸఔ౓ͷ Siྔࢠυοτ͕؍ଌ͞Εͨɻߴ͞ϓϩϑΝΠϧ (ਤ
3.16(e))͔ΒαΠζ͕ 5 nmఔ౓Ͱ͋Γɺ͜ΕΒͷཻࢠ͸ SiྔࢠυοτͰ͋ΔɻҎ্ͷ݁Ռ͔
ΒɺAAmम০ Siྔࢠυοτ͸ GOPTS-SAMج൘ʹݻఆԽ͞Ε͍ͯΔ͜ͱ͕Θ͔Δɻ͜Ε͸
Siྔࢠυοτͱੜମ෼ࢠͱͷ݁߹Λܗ੒͢Δ্Ͱେ͖ͳҰาͰ͋Δɻ
ਤ 3.17ʹ Bare1100 ͓Αͼ AAm1100-2༹ӷʹਁ௮ͤͨ͞ GOPTS-SAM෇͖ SiO2 ج൘ͷ
ٵޫ౓εϖΫτϧΛࣔ͢ɻGOPTS-SAMج൘ΑΓ΋ Bare1100͓Αͼ AAm1100-2ʹਁ௮ͤ͞
ͨج൘ͷํ͕ࢵ֎ҬͰٵऩ͕૿Ճ͍ͯ͠Δɻ·ͨɺAAm1100-2ͷํ͕ Bare1100ΑΓ΋ٵޫ
౓͕ߴ͍͜ͱ͔Βɺج൘ʹٵணͨ͠ Siྔࢠυοτͷ਺͕ଟ͍͜ͱΛද͍ͯ͠Δɻ͜Ε͸ AFM
ଌఆ (ਤ 3.16)ʹ͓͚Δ݁ՌͱҰக͓ͯ͠ΓɺAAmम০ Siྔࢠυοτ͕ GOPTS-SAMج൘্
ʹݻఆԽ͞Ε͍ͯΔ͜ͱΛ͍ࣔͯ͠ΔɻΤϙΩγجͱΞϛϊجͷ൓Ԡ͸ེࢎΞϯϞχ΢Ϝ΍Ԙ
ԽφτϦ΢Ϝ౳ͷԘΛఴՃ͢Δͱɺ׭ೳجಉ͕࢜ۙͮͨ͘Ίɺ൓Ԡޮ཰্͕ঢ͢Δ͜ͱ͕஌Β
Ε͍ͯΔ [71, 72]ɻAAmम০ Siྔࢠυοτ༹ӷʹԘΛಋೖ͠ɺpHௐ੔͢Δ͜ͱͰಛҟٵண
͢Δ SiྔࢠυοτྔΛ͞Βʹ૿΍ͤΔՄೳੑ͕͋Δɻ
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ਤ 3.16: (a) SiO2 ج൘ɺ(b–d) GOPTS-SAM෇͖ SiO2 ج൘Λ (b)ৠཹਫɺ(c) Bare1100༹ӷɺ
(d) AAm1100-2 ༹ӷʹਁ௮ͤͨ͞৔߹ͷද໘ܗঢ়૾ɻ֤εέʔϧόʔ͸ 200 nm Λࣔ͢ɻ(e)
(a–d)தͷ֤৭Ͱࣔͨ͠ઢʹ͓͚Δߴ͞ϓϩϑΝΠϧɻ͢΂ͯͷϓϩϑΝΠϧ͸ଌఆ஋ͷ͏ͪ
ͷ࠷௿఺ʹ͓͚Δߴ͞ΛΦϑηοτͱͯ͠Ҿ͖ࢉ͍ͯ͠Δɻ
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ਤ 3.17: Bare1100͓Αͼ AAm1100-2༹ӷʹਁ௮ͤͨ͞ GOPTS-SAM෇͖ SiO2 ج൘ͷٵޫ
౓εϖΫτϧɻ
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ΞΫϦϧࢎम০ SiྔࢠυοτͷΞϛϊج΁ͷಛҟٵணੑ
AAc म০ Si ྔࢠυοτͷ APTMS-SAM ෇͖ Si ج൘΁ͷಛҟٵணੑʹ͍ͭͯධՁΛߦͬ
ͨɻਤ 3.18(a–d)ʹ (a) Siج൘ɺ(b–d) APTMS-SAM෇͖ Siج൘Λ (b)ৠཹਫɺ(c) Bare1100
༹ӷɺ(d) AAc1100-2༹ӷʹਁ௮ͤͨ͞৔߹ͷද໘ܗঢ়૾Λࣔ͢ɻਤ 3.18(a, b)Ͱ͸ϑϥοτ
ͳܗঢ়૾͕؍ଌ͞Εɺཻࢠঢ়ͷ΋ͷ͸·ͬͨ͘؍ଌ͞Εͳ͔ͬͨɻਤ 3.18(c) Ͱ͸ਤ 3.16(c)
ͷ৔߹ͱҟͳΓɺଟྔͷ Siྔࢠυοτ͕ٵண͍ͯ͠Δɻߴ͞ϓϩϑΝΠϧ (ਤ 3.18(e))͔Β΋
10 nmҎ্ͷڽूମ͕ج൘্ʹܗ੒͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜Ε͸ෛͷද໘ిҐΛ࣋ͭ Siྔ
ࢠυοτͱ APTMS্ͷΧνΦϯੑͷΞϛϊج (NH+3 )ؒͰ੩ిҾྗ͕ಇ͖ɺඇಛҟٵண͕ى
͍ͬͯ͜Δͱߟ͑ΒΕΔɻ͜ͷੑ࣭Λར༻͠ɺೱ౓ௐ੔ͨ͠ Siྔࢠυοτ༹ӷ͔Βྔࢠυοτ
୯૚ບ͕࡞੡ՄೳͰ͋Δ [73]ɻҰํɺAAc1100-2Λ༻͍ͨࢼྉ (ਤ 3.18(d))Ͱ͸ɺେ͖ͳڽू
ମ͸؍ଌ͞Εͣɺ∼50ݸ/μm2 ͷ Siྔࢠυοτ͕ݽཱͯ͠ج൘্ʹଘࡏ͢Δɻ͜Ε͸ਤ 3.18(c)
ͷ݁Ռͱ໌Β͔ʹҟͳΓɺද໘ੑঢ়ͷ͹Β͖͕ͭগͳ͍ɻҎ্ͷ݁Ռ͔ΒɺAAcम০ Siྔࢠ
υοτ͸ APTMS-SAMج൘ʹݻఆԽ͞Ε͍ͯΔͱߟ͑ΒΕΔɻਤ 3.18(c)Ͱ؍ଌ͞ΕͨΑ͏
ͳඇಛҟٵண͸ੜମηϯγϯάͰ΋໰୊ͱͳΔ͜ͱ͕͋ΔɻELISA (enzyme-linked immuno
sorbent assay)๏ͱ͍ͬͨ߅ݪ߅ମ൓ԠΛݪཧͱ͢ΔੜମηϯγϯάͰ͸੩ిؾྗʹΑΔܬޫ
ඪࣝ෇͖߅ମ (2࣍߅ମ)ͷඇಛҟٵணͷͨΊʹɺS/Nൺͷ௿Լ͕໰୊ͱͳΔɻB/F (bond/free)
෼཭ʹΑΓϊΠζΛ཈͑Δ͜ͱ΋ՄೳͰ͋Δ͕ɺίετ໘Ͱඇৗʹ໰୊ͱͳΔɻOH ຤୺΍
PEG࠯ͱ͍ͬͨ਌ਫੑ຤୺Λ࣋ͭ SAMࡐྉͰ͸߅ମͷඇಛҟٵண͕཈͑ΒΕΔ͜ͱ͕Θ͔ͬ
͍ͯΔ [74]ɻͦ͜Ͱ໨తͷ׭ೳجΛ࣋ͭ SAMࡐྉͱ਌ਫੑ SAMࡐྉͱͷࠞ߹ SAMΛ༻͍
ͨΓ [75–77]ɺ͋Β͔͡ΊΤλϊʔϧΞϛϯ౳ͷ blockingࡐͰ SAMද໘Λอޢ͢Δ͜ͱͰඇ
ಛҟٵணΛ๷͙͜ͱ͕ՄೳͰ͋Δͱߟ͑ΒΕΔɻ
ਤ 3.19 ʹ AAc1100-2 ༹ӷʹਁ௮ͤͨ͞ APTMS-SAM ෇͖ Si ج൘ͷൃޫεϖΫτϧΛࣔ
͢ɻ1.6 eV෇ۙʹϐʔΫΛ࣋ͭൃޫεϖΫτϧ͕؍ଌ͞ΕɺԽֶ݁߹ܗ੒ޙ΋༹ӷதͰͷൃޫ
(ਤ 3.12)ͱ΄΅มԽ͕ͳ͍ɻ͜ͷൃޫ҆ఆੑ͸ B, Pಉ࣌υʔϓ Siྔࢠυοτ͕पғͷ؀ڥʹ
ಷײͰ͋Δ͜ͱΛ͓ࣔͯ͠ΓɺόΠΦϝσΟΧϧ෼໺ͰͷԠ༻্༏ΕͨಛੑͰ͋Δɻ
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ਤ 3.18: (a) Si ج൘ɺ(b–d) APTMS-SAM ෇͖ Si ج൘Λ (b) ৠཹਫɺ(c) Bare1100 ༹ӷɺ(d)
AAc1100-2༹ӷʹਁ௮ͤͨ͞৔߹ͷද໘ܗঢ়૾ɻ֤εέʔϧόʔ͸ 200 nmΛࣔ͢ɻ(e) (a–d)
தͷ֤৭Ͱࣔͨ͠ઢʹ͓͚Δߴ͞ϓϩϑΝΠϧɻ͢΂ͯͷϓϩϑΝΠϧ͸ଌఆ஋ͷ͏ͪͷ࠷௿
఺ʹ͓͚Δߴ͞ΛΦϑηοτͱͯ͠Ҿ͖ࢉ͍ͯ͠Δɻ
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ਤ 3.19: AAc1100-2༹ӷʹਁ௮ͤͨ͞ APTMS-SAM෇͖ Siج൘ͷൃޫεϖΫτϧɻ
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3.4 ·ͱΊ
༗ػ෼ࢠम০ͨ͠ਫ෼ࢄੑۙ੺֎ൃޫ SiྔࢠυοτΛ։ൃ͠ɺͦͷൃޫಛੑ΍ಛҟٵணੑ
ʹ͍ͭͯධՁΛߦͬͨɻ࡞੡௚ޙͷ Hऴ୺ Siྔࢠυοτʹରͯ͠ώυϩγϦϧԽ൓ԠʹΑΓ
AAm͓Αͼ AAc෼ࢠम০Λߦͬͨɻ࡞੡༹ͨ͠ӷ͸ԫ৭͘৭͍͓ͮͯΓɺಁ໌౓͕ߴ͘ɺཻ
ࢠαΠζ͕ 4 nmఔ౓Ͱ͋Γɺද໘म০લޙͰ֎ݟͷมԽ͸ͳ͍ɻ੺֎ٵऩଌఆʹΑΓ AAm
͓Αͼ AAc෼ࢠ͕ Siྔࢠυοτද໘ʹम০͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻSi–C݁߹ͷϐʔΫ
ڧ౓͔Β Siྔࢠυοτͷද໘ੵͷ໿ 1% ͕෼ࢠम০͞Ε͍ͯΔ͜ͱ͕Θ͔ͬͨɻ͜Ε͸ׂ߹
ͱͯ͠ඇৗʹগͳ͍͕ɺੜମ෼ࢠಉ࢜ͷՍڮߏ଄ͷܗ੒Λ๷͙͜ͱ͕Ͱ͖ΔͨΊɺੜମ෼ࢠΛ
ߴޮ཰ʹඪࣝԽ͢Δ͜ͱ͕ՄೳͰ͋Δɻ1.5–1.6 eVͷۙ੺֎ྖҬʹൃޫΛࣔ͠ɺम০લޙͰൃ
ޫϐʔΫҐஔ͸େ͖͘มԽ͠ͳ͍ɻ͜Ε͸ྔࢠυοτද໘ʹܗ੒͞Εͨ B, Pߴೱ౓γΣϧߏ
଄ʹΑΓɺൃޫ͕ද໘ঢ়ଶʹಷײͰ͋Δ͜ͱΛ͍ࣔͯ͠Δͱߟ͑ΒΕΔɻ·ͨɺ࡞੡ͨ͠ Si
ྔࢠυοτͷಛҟٵணಛੑධՁͱͯ͠ɺࣗݾ૊৫Խ୯෼ࢠບΛܗ੒ͨ͠ج൘্ʹݻఆԽ͢Δ࣮
ݧΛߦͬͨɻද໘ੑঢ়͸ҟͳΔ͕ɺ͍ͣΕͷ෼ࢠΛम০ͨ͠৔߹΋ج൘্ʹ Siྔࢠυοτ͕
ݻఆԽ͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻಛʹɺAAc෼ࢠम০ͨ͠ SiྔࢠυοτΛݻఆԽͨ͠ج൘
͔Β͸༹ӷதͱ΄΅มԽͷͳ͍ൃޫΛ؍ଌͨ͠ɻҎ্ͷಛੑ͸όΠΦϝσΟΧϧ෼໺Ͱཁٻ͞
ΕΔ৚݅Λ͢΂ͯຬͨ͢΋ͷͰ͋Γɺੜମద߹ੑʹ༏Εͨ SiྔࢠυοτίϩΠυͷ։ൃʹ੒
ޭͨ͠ͱ͍͑Δɻ࣮ࡍʹࠓޙόΠΦηϯγϯάԠ༻͢ΔͨΊʹ͸ɺ߅ମͳͲͷੜମ෼ࢠͱͷෳ
߹ମΛ࡞੡͠ɺޫ҆ఆੑ΍ޫֶಛੑΛධՁ͢Δඞཁ͕͋Δɻ
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103
ୈ 4ষ
B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex
ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑ
4.1 ͸͡Ίʹ
ίϩΠυঢ়൒ಋମྔࢠυοτ͸ృ෍๏΍ҹ࡮๏ʹΑΓ࡞੡Ͱ͖ΔޫిࢠσόΠε [1–7]΍ܬ
ޫମͱͯ͠ͷόΠΦϝσΟΧϧ෼໺΁ͷԠ༻ [8–10]ͷ؍఺Ͱ஫໨͞Ε͍ͯΔɻಛʹ Si͸ੜମ
ʹແ֐Ͱ͋Γɺطଘͷ൒ಋମϓϩηεͱͷ੔߹ੑ͕ߴ͍͜ͱ͔ΒɺSiྔࢠυοτʹؔ͢Δݚڀ
͕ٸ଎ʹਐΜͰ͍Δ [11–14]ɻSiྔࢠυοτͷόϯυΪϟοϓΤωϧΪʔ͸ͦͷαΠζΛมԽ
ͤ͞Δ͜ͱͰɺόϧΫ SiͷόϯυΪϟοϓ (1.12 eV)͔ΒՄࢹྖҬ (∼2 eV)ͷؒͰ੍ޚՄೳͰ
͋Δ [15, 16]ɻ͔͠͠ͳ͕ΒɺSi͸ؒ઀ભҠܕ൒ಋମͰ͋Δ͜ͱʹىҼͯ͠ɺՄࢹ͔Βۙ੺֎
ྖҬʹ͓͍ͯٵऩஅ໘ੵ͕খ͍͜͞ͱ͕໰୊Ͱ͋ͬͨ [17]ɻ͜ΕΛղܾ͢Δํ๏ͱͯ͠ɺGe
ͱͷࠞথԽʹΑΓ Si1−xGex ࠞথྔࢠυοτΛܗ੒͢Δ͜ͱ͕ڍ͛ΒΕΔ [18]ɻGe ૊੒͓Α
ͼαΠζΛಉ࣌ʹ੍ޚ͢Δ͜ͱͰɺՄࢹ͔Βۙ੺֎ྖҬʹ͓͚Δٵऩஅ໘ੵͷ૿Ճ͕ظ଴Ͱ͖
Δ [19, 20]ɻ͞ΒʹɺόϯυΪϟοϓΤωϧΪʔΛόϧΫ SiͷόϯυΪϟοϓҎԼʹ֦ு͢Δ
͜ͱ͕Ͱ͖Ε͹ɺΑΓ௿ΤωϧΪʔͷϑΥτϯΛޮ཰Α͘ٵऩͰ͖ΔͨΊɺଠཅޫൃిʹ͓͍
ͯଠཅޫΛ༗ޮʹ׆༻Ͱ͖Δͱߟ͑ΒΕΔɻ·ͨɺSi1−xGex ྔࢠυοτ͸೤ిม׵ʹ͓͍ͯ
1000 ◦Cఔ౓ͷൺֱతߴԹྖҬͰɺߴ͍ੑೳࢦ਺Λࣔ͢͜ͱ͕஌ΒΕ͍ͯΔ [21–23]ɻ
্هͰड़΂ͨΑ͏ͳັྗతͳಛੑ͕͋Δʹ΋͔͔ΘΒͣɺίϩΠυঢ় Si1−xGex ྔࢠυοτ
ͷݚڀใࠂ͸ඇৗʹগͳ͍ͷ͕ݱঢ়Ͱ͋ΔɻPiΒ͸ SiH4 ΍ GeH4 ͷඇ೤ϓϥζϚʹΑΔ߹੒
[24, 25]ͰϑϦʔελϯσΟϯάͳ Si1−xGex ྔࢠυοτΛ࡞੡͠ɺ1.5 eV෇ۙʹϐʔΫΛ࣋ͭ
ൃޫΛ؍ଌͨ͠ [26]ɻYasar-InceogluΒ [27]͸ಉ༷ͷϓϩηεͰ௚ܘ 10 nmҎԼͷ Si1−xGex
104 ୈ 4ষ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑ
ࠞথྔࢠυοτΛ࡞੡ʹ੒ޭ͍ͯ͠ΔɻRoweΒ [28]͸ϗ΢ૉ (B)΍Ϧϯ (P)Λυʔϐϯά͠
ͨ Si1−xGex ྔࢠυοτΛಉ༷ͷϓϩηεͰ࡞੡͓ͯ͠Γɺ૊੒ 0.16 < x < 0.24, αΠζ 10
nmఔ౓ͷ Si1−xGex ྔࢠυοτΛ࡞੡͍ͯ͠ΔɻErogbogboΒ [29]͸ SiH4 ΍ GeH4 ͷϨʔ
βʔ೤෼ղʹΑΓ࡞੡ͨ͠ Si1−xGex ྔࢠυοτค຤Λ௒Ի೾ʹΑΓϕϯκχτϦϧ΍Ξη
τχτϦϧʹ෼ࢄͤͨ͞ɺ௚ܘ 15–30 nmͷίϩΠυঢ় Si1−xGex ྔࢠυοτΛใࠂͨ͠ɻ·
ͨɺBarryΒ [30]͸ਫૉγϧηεΩΦΩαϯ (HSQ)ͱϤ΢ԽήϧϚχ΢Ϝ (GeI2)ͷࠞ߹෺ͷ
೤ॲཧʹΑΓ SiO2 ϚτϦοΫεதʹ Si1−xGex ྔࢠυοτΛ੒௕ͤ͞ɺϑοԽਫૉࢎͰϚτ
ϦοΫεΛআڈ͢Δ͜ͱʹΑΓɺίϩΠυঢ় Si1−xGex ྔࢠυοτΛ࡞੡ͨ͠ɻ͜ͷίϩΠυ
ঢ় Si1−xGex ྔࢠυοτද໘͸ 1-υσηϯʹΑΓम০͞Ε͓ͯΓɺϔΩαϯதͰ෼ࢄ͍ͯ͠
ΔɻBarryΒͷ Si1−xGex ྔࢠυοτ͸ 1.4–1.5 eVʹൃޫΛࣔ͢ (ྔࢠޮ཰: 16± 3%)͕ɺࢼྉ
ͷۉҰੑ͕ͦΕ΄Ͳߴ͘ͳ͘ɺSiϦον (௚ܘ 3–14 nm)ɺGeϦον (௚ܘ 9–22 nm) Si1−xGex
ྔࢠυοτͷࠞ߹෺ʹͳ͍ͬͯΔɻ
౰ݚڀࣨͰ։ൃͨ͠ B, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτ͸ɺB, Pಉ࣌υʔϓ Si݁থ
γΣϧߏ଄͕΋ͨΒ͢ෛͷද໘ిҐʹΑͬͯɺ੩ి൓ൃʹΑͬͯۃੑ༹ഔதͰ෼ࢄ͢Δɻ͜ͷ
ಉ࣌υʔϐϯάͱ͍͏ख๏Λ Si1−xGex ྔࢠυοτʹద༻͢Δ͜ͱʹΑΓίϩΠυঢ় Si1−xGex
ྔࢠυοτ͕࡞੡ՄೳͰ͋Δͱߟ͑ΒΕΔɻຊষͰ͸ɺB, Pಉ࣌υʔϐϯάΛ Si1−xGex ྔࢠ
υοτʹରͯ͠ద༻͢Δ͜ͱͰɺ༗ػ෼ࢠम০ແ͠ʹۃੑ༹ഔʹ෼ࢄ͢ΔίϩΠυঢ় Si1−xGex
ྔࢠυοτΛ։ൃ͢Δɻ૊੒΍αΠζΛม͑ͨίϩΠυঢ় Si1−xGex ྔࢠυοτΛ࡞੡͠ɺ༠
ಋ݁߹ϓϥζϚൃޫ෼ޫɺRamanࢄཚɺXઢޫిࢠ෼ޫଌఆʹΑΓྔࢠυοτͷද໘ߏ଄ʹ
͍ͭͯධՁΛߦ͏ɻ·ͨɺٵऩஅ໘ੵ΍ൃޫಛੑʹ͍ͭͯ΋ධՁΛߦ͏ɻ
4.2 ࣮ݧํ๏
4.2.1 ࢼྉ࡞੡ํ๏
Si1−xGex ྔࢠυοτΛؚΉ BPSGค຤ࢼྉ࡞੡
Si1−xGex ྔࢠυοτΛຒΊࠐΜͩ BPSG ബບ͸ɺಉ࣌εύολϦϯά๏ʹΑΓ࡞੡ͨ͠ɻ
͜ͷํ๏Ͱ͸ɺບதͷ Si, Geͷମੵॆర཰͓ΑͼΞχʔϧԹ౓ (Ta)ΛมԽͤ͞Δ͜ͱʹΑΓɺ
Si1−xGex ͷ૊੒ൺ (x)͓ΑͼαΠζ (d)Λ੍ޚ͢Δ͜ͱ͕Ͱ͖Δɻ͢ͳΘͪɺGe૊੒͕ߴ͍
΄Ͳ x ͕େ͖͘ͳΓɺΞχʔϧԹ౓͕ߴ͍΄ͲɺཻࢠαΠζͷେ͖ͳ Si1−xGex ྔࢠυοτ͕
੒௕͢Δɻ௚ܘ 100 mmͷ P2O5 Λ 5 wt.%ؚΉ SiO2 ম݁ମ্ʹɺSiνοϓ (5 × 15 mm2,७
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౓ 99.99% )ɺGe νοϓ (2 × 2 mm2 ͓Αͼ 4 × 4 mm2, ७౓ 99.9999% )ɺB2O3 λϒϨοτ
(௚ܘ φ 
 10 mm)Λԁप্ʹରশʹ഑ஔ͠ɺRFϚάωτϩϯεύολϦϯά૷ஔ (ANELVA:
SPF-210H)Λ༻͍ͯಉ࣌εύολϦϯάΛߦͬͨɻ·ͨɺผͷεύολϦϯά৚݅ͱͯ͠ɺ௚
ܘ 100 mmͷ SiO2 ϓϨʔτɺSiνοϓɺGeνοϓɺBPO4 λϒϨοτ (௚ܘ φ 
 10 mm)Λ
༻͍ͯɺಉ࣌εύολϦϯάΛߦͬͨɻ͜ͷͱ͖ɺBPO4 λϒϨοτ͸൒ԁঢ়ʹ෼ׂͨ͠΋ͷ
Λԁप্ʹ഑ஔͨ͠ɻج൘ʹεςϯϨεԁ൘ (ް͞ 0.1 mm,௚ܘ 80 mm)Λ༻͍ͯɺεύολ
ϦϯάޙʹεςϯϨεԁ൘ΛંΓۂ͛ͯບΛണ཭ͯ͠ճऩͨ͠ɻຊݚڀͰ͸ɺεύολϦϯά
࣌͸ج൘ΛՃ೤ͤͣɺ॥؀ਫʹΑΓྫྷ٫ͨ͠ɻ࡞੡ͨ͠ Si1−xGex–BPSGࠞ߹ബບΛɺ؅ঢ়ి
ؾ࿍ (SANYO RIKAGAKU-KIKAI SEISAKUSHO: SYK-460-MA) Λ༻͍ͯɺN2 งғؾத (2
L/min)Ͱ 30෼ؒΞχʔϧ͢Δ͜ͱʹΑΓɺBPSGϚτϦοΫεதʹ Si1−xGex ྔࢠυοτΛ
੒௕ͤͨ͞ɻΞχʔϧԹ౓͸ 700–1300 ◦C Ͱ͋ΔɻΞχʔϧऴྃޙ͸ −3.3 ◦C/min ͷׂ߹Ͱ
700 ◦C·Ͱྫྷ٫ͦ͠ͷޙࣗવྫྷ٫͠ɺ500 ◦CҎԼʹͳͬͨ࣌఺Ͱిؾ࿍͔ΒऔΓग़͢ɻͦ͠
ͯɺࢼྉΛೕുͰคࡅ͠ค຤ঢ়ࢼྉΛಘͨɻਤ 4.1(a)ʹ࡞੡ͨ͠ Si1−xGex ྔࢠυοτΛؚΉ
BPSGค຤ͷࣸਅΛࣔ͢ɻ஡৭͘৭͍ͮͨඍค຤͕ಘΒΕ͓ͯΓɺೕുͰคࡅͨ͠ޙͷαΠζ
͸ߴʑ 20 μmͰ͋Δ (ਤ 4.1(b))ɻͳ͓ɺࢼྉ࡞੡࣌ʹ༻͍ͨεύολϦϯά৚݅ɺΞχʔϧԹ
౓౳ͷৄ͍͠ύϥϝʔλΛද 4.1ʹࣔ͢ɻ
20 μm1 cm
(a) (b)
ਤ 4.1: Si1−xGex ྔࢠυοτΛؚΉ BPSGค຤ͷ (a)ࣸਅɺ(b)ޫֶݦඍڸ૾ɻ
ϝλϊʔϧΛ༹ഔͱ͢ΔίϩΠυঢ় Si1−xGex ྔࢠυοτࢼྉͷ࡞੡
࠷ॳʹɺϑοࢎਫ༹ӷΛ༻͍ͯ BPSGബບΛΤονϯάͨ͠ɻค຤ࢼྉ 20 mgΛ௒ߴ଎ԕ
৺ࣜΖաϢχοτ Vivaspin2 (sartorius stedim biotech: VS0202,෼ը෼ࢠྔ: 10 kDa,ݶ֎ບࡐ
࣭: polyethersulfone)ʹೖΕͨɻ͜ͷࡍɺϑΟϧλʹค຤͕ݻண͢ΔͷΛ๷͙ͨΊɺϑοࢎਫ
༹ӷ (Wako: 48 wt.% )Λઌʹ 0.5 mLՃ͔͑ͯΒɺค຤Λ౤ೖ͢Δɻͦͷޙɺϑοࢎਫ༹ӷͷ
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ද 4.1: BPSGϚτϦοΫεதʹຒΊࠐ·Εͨ Si1−xGex ྔࢠυοτͷค຤ࢼྉ࡞੡৚݅ɻ
εύολλʔήοτ (A) Siνοϓ (99.99% )
Geνοϓ (99.9999% )
PSGλʔήοτ (φ = 100 mm, 99.9% )
B2O3 λϒϨοτ (φ 
 10 mm, homemade) 4ݸ
εύολλʔήοτ (B) Siνοϓ (99.99% )
Geνοϓ (99.9999% )
SiO2 λʔήοτ (φ = 100 mm, 99.99% )
BPO4 λϒϨοτ (φ 
 10 mm, homemade) 2ݸ
ArΨεѹ 2 × 10−2 Torr
εύολύϫʔ 200 W
εύολ࣌ؒ 20෼ × 15ճ (20෼ؒεύολຖʹ 10෼ؒٳܜ)
ج൘ εςϯϨεԁ൘ (t = 0.1 mm, φ = 80 mm)
ΞχʔϧԹ౓ 700, 800, 900, 1000, 1050, 1100, 1150, 1200, 1300 ◦C (30෼)
ྫྷ٫ํ๏ ঃྫྷ๏ (−3.3 ◦C/min)
N2 Ψεྲྀྔ 2 L/min
૯ྔ͕ 1 mL ʹͳΔΑ͏ʹ͞ΒʹՃ͑ͯɺΖաϢχοτΛ௒Ի೾ચড়ػ (AS ONE: USD-3R,
200W, High, 40KHz)಺Ͱ֧፩ͨ͠ɻϑοࢎʹΑΔΤονϯά࣌ؒ͸ΞχʔϧԹ౓ 1150 ◦CҎ
্ͷ΋ͷͰ 60෼ɺͦΕະຬ͸ 30෼ͱͨ͠ɻ௒Ի೾ચড়ػ಺ͷਫΛॱ࣍ೖΕସ͑Δ͜ͱͰɺਫ
ԹΛҰఆ (∼25 ◦C)ʹอͬͨɻͳ͓ɺΖաϢχοτఈ໘ʹࢼྉ͕௜఼͢ΔͷΛ๷͙ͨΊɺ։࢝
௚ޙɺ30෼ޙɺ50෼ޙʹͦΕͧΕςϑϩϯ੡εύνϡϥʹ֧ͯ፩ͨ͠ɻͦͷޙɺϝλϊʔϧ
(Wako: 99.7 wt.% )Λ 1mLՃ͑ɺΖաϢχοτΛԕ৺෼཭ػ (KOKUSAN: H-11N)Λ༻͍ͯɺ
ԕ৺ΖաʹΑΓϑΟϧλʔ্෦ͷ༹ӷΛೱॖͨ͠ɻԕ৺෼཭͸ճస਺ 4000 rpmͰ 1෼ؒߦͬ
ͨɻԕ৺ΖաޙɺΖաϢχοτͷϑΟϧλʔΛಁա༹ͨ͠ӷΛഇغͨ͠ɻ࠶ͼϝλϊʔϧΛՃ
͑ͯԕ৺෼཭Λߦ͍ɺಁա༹ӷΛഇغ͢Δ࡞ۀΛ 10ճఔ౓܁Γฦ͠ɺϑΟϧλʔ্෦ͷ༹ӷ
͔ΒϑοԽਫૉࢎΛ׬શʹআڈ͢Δɻಁաӷͷ pH͕ 4ఔ౓ʹͳͬͨͱ͜ΖͰɺύεπʔϧϐ
ϖοτͰϑΟϧλʔ্෦ͷ༹ӷΛ֧፩͠ɺճऩ͢Δɻճऩ༹ͨ͠ӷʹ͸एׯͷڽू෺΍௜఼෺
͕ੜ͡ΔͨΊɺԕ৺෼཭ (4000 rpm, 2෼)ʹΑΓɺ׬શʹڽू෺΍௜఼෺Λআڈ͢Δɻ
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4.2.2 ࢼྉධՁํ๏
ޫಁաεϖΫτϧଌఆ
ࢼྉͷޫಁա཰͸ಁաܕ෼ޫޫ౓ܭ (SHIMADZU: UV-3101PC) Ͱଌఆͨ͠ɻଌఆൣғ͸
200–1400 nmͱ͠ɺεϦοτ෯͸ 3 nmɺαϯϓϦϯάϐον͸ 1 nmɺεΩϟχϯάεϐʔυ
͸த଎ (200 nm/min)ͱͨ͠ɻࢼྉ͸ίϩΠυ༹ӷΛੴӳηϧʹೖΕͨ΋ͷΛ༻͍ɺϦϑΝϨ
ϯεʹ͸ϝλϊʔϧΛೖΕͨੴӳηϧΛ༻͍ͨɻࠓճ͸ٵऩஅ໘ੵΛٻΊΔࡍʹɺߴೱ౓ա͗
ΔͱߴΤωϧΪʔଆͷεϖΫτϧ͕ਖ਼͘͠ಘΒΕͳ͍ͷͰɺݪӷͱ 10ഒرऍͨ͠ࢼྉͷ྆ํ
ʹ͍ͭͯޫಁաεϖΫτϧͷଌఆΛߦͬͨɻ
ಁաܕిࢠݦඍڸ؍࡯
Si1−xGex ྔࢠυοτΛಁաܕిࢠݦඍڸ (TEM: transmission electron microscope) (Hitachi:
H-7000) Ͱ؍࡯ͨ͠ɻՃ଎ిѹ͸ 100 kVɺ֦େഒ཰͸ 5–10 ສഒͱ͢Δɻ؍࡯͢Δࢼྉ͸ɺ
ಔϝογϡʹϑΥϧϜόʔϧΛ੒ບ͠ΧʔϘϯίʔτͰิڧ͞Εͨ TEM؍࡯༻ࢧ࣋ບ্ʹɺ
༹ӷΛ 1ణణԼͯ͠࡞੡ͨ͠ɻͳ͓ɺߴ෼ղೳ TEM૾ͷ؍࡯ʹ͸ಁաܕిࢠݦඍڸ (JEOL:
JEM-2010)Λ༻͍ɺՃ଎ిѹ͸ 200 kVɺ֦େഒ཰͸ 40ສഒͰ؍࡯Λߦͬͨɻྔࢠυοτͷα
Πζ෼෍͸ϑϦʔιϑτ΢ΣΞ Image JʹΑΓ TEM૾্ͷཻ֤ࢠͷ໘ੵʹؔ͢Δ৘ใΛऔΓ
ग़͠ɺ໘ੵฏۉܘΛ౷ܭॲཧ͢Δ͜ͱͰࢉग़ͨ͠ɻ
ICP-AESଌఆ
ຊݚڀͰ͸ɺίϩΠυ༹ӷதͷ Si, Ge, B, Pೱ౓ΛٻΊΔͨΊʹɺ༠ಋ݁߹ϓϥζϚൃޫ෼
ޫ (ICP-AES: inductively coupled plasma atomic emission spectroscopy)ଌఆΛߦ͏ɻଌఆʹ͸
ICPൃޫ෼ੳ૷ஔ (SII: SPS3100)Λ༻͍ͨɻICP-AESͰ͸ɺߴԹͷ ArϓϥζϚ΁ӷମࢼྉͷ
ࡉ͔͍ϛετΛ෾ໄ͢Δ͜ͱʹΑΓɺ෼ੳࢼྉʹϓϥζϚͷΤωϧΪʔΛ༩͑ɺ੒෼ݩૉΛྭ
ى͢Δɻྭى͞Εͨݪࢠ͕௿͍ΤωϧΪʔ४Ґʹ໭Δͱ͖ʹൃޫઢ͕์ग़͞ΕɺͦͷൃޫઢΛ
ଌఆ͢Δɻൃޫઢͷ೾௕͔Β੒෼ݩૉͷछྨΛಛఆ͠ɺͦͷڧ౓͔Β֤ݩૉͷؚ༗ྔΛٻΊΔ
͜ͱ͕Ͱ͖Δɻఆྔ෼ੳํ๏ΛҎԼʹड़΂Δɻଌఆ͢Δ੒෼ݩૉͷೱ౓͕ط஌Ͱ͋Δඪ४ࢼྉ
Λ४උ͢ΔɻຊݚڀͰ͸ Si (Wako: ݪࢠٵޫ෼ੳ༻, 1,000 mg/L=1,000 ppm), Ge (Wako: ݪࢠ
ٵޫ෼ੳ༻, 1,000 ppm)ΛͦΕͧΕ 200 ppmɺB (Wako: 1,000 ppm), P (Wako: 1,000 ppm)Λ
ͦΕͧΕ 50 ppmͰඪ४ࢼྉΛௐ੔ͨ͠ɻ
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࣍ʹɺ෼ੳࢼྉͱಉ༷ͷ৚݅Ͱ४උ༹ͨ͠ഔΛ blankͱͯ͠४උ͢Δɻݪࢠͷൃޫઢͷڧ౓
͸ɺݪࢠͷ਺ʹൺྫ͢Δɻඪ४ࢼྉͱଌఆࢼྉͷεϖΫτϧ͔Β blank ͷεϖΫτϧΛҾ͍
ͨ΋ͷ͕ਅͷεϖΫτϧͰ͋Γɺඪ४ࢼྉͱଌఆࢼྉͷڧ౓ൺ͔Βݩૉೱ౓ (ppm)ΛٻΊΔɻ
4.2.1અͰ࡞੡ͨ͠ Si1−xGex ྔࢠυοτίϩΠυͷ༹ഔ͸ϝλϊʔϧͰ͋Δɻ͔͠͠ͳ͕Βɺ
ICP-AES Ͱ͸ϓϥζϚͷ҆ఆੑΛଛͳ͏ͨΊɺشൃੑͷߴ͍༗ػ༹ࡎ͸࢖༻Ͱ͖ͳ͍ɻͦͷ
ͨΊɺ෼ཷ๏ʹΑΓίϩΠυͷ༹ഔΛϝλϊʔϧ͔Βৠཹਫʹஔ׵͢Δɻ෼ཷ๏͸ɺSi1−xGex
ྔࢠυοτίϩΠυ 0.5 mLͱৠཹਫ 3 mLΛΨϥεළ (༰ྔ: 9 mL)ʹೖΕɺ100 ◦CҎԼͰ༹
ӷྔ͕ 3 mLҎԼʹͳΔ·ͰՃ೤͢Δͱ͍͏ํ๏Ͱߦ͏ɻϝλϊʔϧͱਫͷ෸఺ͷҧ͍͔Βɺ
100ˆҎԼͰ͸ϝλϊʔϧ͕༏ઌతʹৠൃ͠ਫ͕࢒ΔͨΊɺਫதʹ෼ࢄͨ͠ྔࢠυοτ͕ಘΒ
ΕΔɻ෼ཷޙͷਫ༹ӷʹৠཹਫΛ଍ͯ͠ɺ5 mLʹௐ੔ͨ͠΋ͷΛࢼྉ༹ӷͱͯ͠༻͍Δɻ·
ͨɺblank͸ಉ৚݅ͰৠཹਫͱϝλϊʔϧΛ෼ཹͯ͠ಘΒΕͨਫ 5 mLΛ༻͍ͨɻ
XPSଌఆ
Xઢޫిࢠ෼ޫ๏ (XPS: X-ray photoelectron spectroscopy)ʹΑΓෆ७෺υʔϓ Si1−xGex ྔ
ࢠυοτද໘ͷߏ଄ɺԽֶ݁߹ঢ়ଶͷ෼ੳΛߦ͏ɻଌఆʹ͸ɺULVAC-PHI: PHI X-tool (X ઢ
ݯ: Al Kα)Λ༻͍Δɻࢼྉ͸ɺਅۭৠண๏ʹΑΓ AuΛ 50 nmఔ౓ίʔτͨ͠εςϯϨεج൘
(ް͞ 0.1 mm)ʹίϩΠυঢ় Si1−xGex ྔࢠυοτΛణԼɺס૩ͨ͠΋ͷΛ༻͍ΔɻXPSεϖ
Ϋτϧͷଳిิਖ਼͸ C 1sϐʔΫͷ஋Λར༻ͯ͠ߦ͏ɻ
ݦඍ Ramanࢄཚ෼ޫଌఆ
ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ݁থߏ଄ΛධՁ͢ΔͨΊʹɺݦඍ Raman ࢄཚଌఆΛߦ
͏ɻ͜Ε͸ɺݦඍڸΛ༻͍ͯࢼྉද໘ʹϨʔβʔޫΛूޫ͢Δ͜ͱʹΑΓɺہॴతͳ Raman
ࢄཚΛଌఆ͢Δํ๏Ͱ͋Δɻਤ 4.2 ʹଌఆܥͷུ֓ਤΛࣔ͢ɻଌఆʹ͸ݦඍڸͱͯ͠ɺੜ෺
ݦඍڸ (Nikon: Ti-U)Λϕʔεͱͨ͠ಛ஫౗ཱݦඍڸΛ༻͍ͨɻ·ͨɺྭىޫݯͱͯ͠ਫྫྷࣜ
Ar+ Ϩʔβʔ (Spectra Physics: MODEL 2017)ͷ 514.5 nmͷൃৼઢΛ༻͍ͨɻϨʔβʔલ໘
ʹ͸ɺࣗવ์ग़ޫΛআڈ͢ΔͨΊɺϨʔβʔϥΠϯϑΟϧλΛ 2 ຕ഑ஔͨ͠ɻྭىޫ͸Ϩʔ
βʔϥΠϯϑΟϧλΛ௨աޙɺόοΫϙʔτ͔Βݦඍڸ಺෦ʹಋೖ͞ΕΔɻͦͷޙɺϑΟϧλ
Ωϡʔϒʹηοτ͞ΕͨੴӳΨϥεʹΑͬͯ൓ࣹ͞Εɺର෺Ϩϯζ (50×, NA 0.8)Λ௨ͬͯࢼ
ྉද໘ʹूޫ͞ΕΔɻੴӳΨϥεͷ Ar+ Ϩʔβʔޫ (514.5 nm)ͷ൓ࣹ཰͸໿ 5%Ͱ͋Δɻݕ
ग़ޫ͸ɺϨʔβʔ͕ೖࣹͨ͠΋ͷͱಉ͡ର෺ϨϯζΛ௨ա͠ϑΟϧλΩϡʔϒ಺ͷੴӳΨϥε
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Λಁաͨ͠ͷͪϛϥʔʹΑͬͯ൓ࣹ͞ΕɺαΠυϙʔτ͔Βฏߦޫͷ··୤ग़͢Δɻͦͷޙɺ
ݕग़ޫ͸Ϩϯζ (য఺ڑ཭: 100 mm)ʹΑΓ෼ޫث (Acton: SpectraPro-300i)ͷεϦοτ্ʹू
ޫ͞ΕΔɻ෼ޫثͷεϦοτ෯͸ 50 μmͱ͠ɺάϨʔςΟϯά͸ 1800 g/mmͷ΋ͷΛ༻͍ͨɻ
·ͨɺϨΠϦʔࢄཚޫͷআڈͷͨΊɺ෼ޫثͷεϦοτखલʹߴੑೳ LPϑΟϧλ (semrock:
LP02-514RU-25)Λ 2ຕ഑ஔͨ͠ɻݕग़ثʹ͸ӷମ஠ૉͰ −105 ◦Cʹྫྷ٫ͨ͠ charge coupled
devide(CCD) (Princeton Instruments)Λ࢖༻ͨ͠ɻݦඍ Ramanࢄཚଌఆ༻ͷࢼྉ͸ɺਅۭৠண
๏ʹΑΓ Ti, Auͷॱʹ 5, 50 nmఔ౓ৠணͨ͠ Siج൘্ʹ਺ μLణԼࣗ͠વס૩ͤͨ͞ɻ
RamanεϖΫτϧͷ೾਺ͷͣΕΛߍਖ਼͢ΔͨΊʹɺRamanϐʔΫ͕ط஌Ͱ͋Δ Siͷ Raman
ࢄཚΛར༻͢ΔɻSiͷ Ramanࢄཚ͸ 520 cm−1 ʹγϟʔϓͳϐʔΫ͕؍࡯͞ΕΔɻͦ͜Ͱଌ
ఆΛߦ͏ࡍ͸ɺ࠷ॳʹ Si΢Σϋͷ RamanࢄཚΛଌఆ͠ɺεϖΫτϧͷϐʔΫ೾਺ͷ֬ೝΛߦ
͏ɻϨʔβʔڧ౓͸ࢼྉද໘Ͱ 1 mWͱͨ͠ɻ͜ͷڧ౓Ͱ͸ɺRamanࢄཚڧ౓͸ઢܗྖҬͰ
͋Γ (ਤ 4.3(a))ɺ೤ʹΑΔ RamanϐʔΫγϑτ͕ແ͍͜ͱ (ਤ 4.3(b))Λ֬ೝ͍ͯ͠Δɻଌఆ
͞Εͨ Raman ϐʔΫ͕ 520 cm−1 ʹͳΔΑ͏ʹɺεϖΫτϧશମΛγϑτͤ͞Δ͜ͱͰߍਖ਼
Λߦͬͨɻ
Ar+ Laser
514.5 nm
Spectrometer
Lens
(f=100)
Sample
LN-cooled 
CCD
Quartz
Glass
Objective
50X/0.8
Laser Line 
Filter
(514.5 nm)
Nikon Ti-U
Camera
(Keyence)
Long Pass 
Filter
(514.5 nm)
ਤ 4.2: ݦඍ Ramanࢄཚ෼ޫଌఆܥͷུ֓ਤɻ
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ਤ 4.3: Si waferͷ (a) Ramanࢄཚڧ౓ɺ(b) RamanࢄཚϐʔΫͷྭىڧ౓ґଘੑɻ
੺֎ٵऩεϖΫτϧଌఆ
ίϩΠυঢ় Si1−xGex ྔࢠυοτද໘ͷԽֶ݁߹Λௐ΂ΔͨΊʹɺ੺֎ٵऩεϖΫτϧΛଌ
ఆ͢Δɻଌఆʹ͸ FT-IR૷ஔ (PerkinElmer: Spectrum GX)Λ༻͍Δɻࢼྉ͸ɺਅۭৠண๏ʹ
ΑΓ AuΛ 100 nmఔ౓ίʔτͨ͠ Siج൘্ʹίϩΠυঢ় Si1−xGex ྔࢠυοτΛణԼɺס૩
ͨ͠΋ͷΛɺ൓ࣹܕଌఆ૷ஔΛ༻͍ͯଌఆ͢Δɻͳ͓ɺೖࣹ֯͸ 5 ◦ ͱ͠ɺס૩ۭؾதͰଌఆ
Λߦͬͨɻ
ൃޫεϖΫτϧଌఆ
ൃޫεϖΫτϧ͸ܬޫ෼ޫޫ౓ܭ (Horiba: Fluorolog-3)Λ༻͍ͯଌఆͨ͠ɻ͜ͷ૷ஔͰ͸ɺ
ྭىޫ͸μϒϧϞϊΫϩϝʔλʔͰ෼ޫ͞Εͨ 450 W Xeϥϯϓ෼ޫઢ (405·ͨ͸ 488 nm)
Λ༻͍ɺγϯάϧϞϊΫϩϝʔλʔͰ෼ޫ͞Εͨൃޫઢ͸ޫిࢠ૿ഒ؅ (ՄࢹྖҬ, 500–850
nm)͋Δ͍͸ӷମ஠ૉྫྷ٫ InGaAsۙ੺֎ϑΥτμΠΦʔυ (800–1400 nm)Ͱݕग़͞ΕΔɻޫ
ిࢠ૿ഒ؅Λ༻͍Δͱ͖͸ϩϯάύεϑΟϧλʔ (HOYA: Y48)ɺInGaAsϑΥτμΠΦʔυͰ
͸ϩϯάύεϑΟϧλʔ (HOYA: R70)Λݕग़ଆ෼ޫثεϦοτલʹ഑ஔͨ͠ɻࢼྉ͸ίϩΠ
υঢ় Si1−xGex ྔࢠυοτΛੴӳηϧʹೖΕͯଌఆͨ͠ɻͳ͓ɺଌఆΑΓಘΒΕͨൃޫεϖΫ
τϧ͸ɺϝλϊʔϧͷಁա཰ʹΑΔิਖ਼Λߦ͍ͬͯΔɻਤ 4.4(a)ʹܬޫൃޫ෼ޫ૷ஔʹ͓͚Δ
ࢼྉઃஔՕॴͷ໛ࣜਤΛࣔ͢ɻXeϥϯϓͷ෼ޫ͞Εͨޫ͸෼ޫثεϦοτͷܗʹґଘ͠ɺ௕
ํܗͰ͋Δɻ͜Ε͕ࢼྉͷೖͬͨੴӳηϧͷதԝ෇ۙʹরࣹ͞ΕΔɻরࣹ͞ΕͨྖҬʹ͍Δྔ
ࢠυοτ͕ൃޫΛࣔ͢Θ͚͕ͩɺੴӳηϧதͷ༹ӷ͸ྔࢠυοτʹΑΔൃޫͷ࠶ٵऩ͕ແࢹͰ
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͖Δೱ౓Ͱ͋Δͱ͖ɺݕग़ଆͷ෼ޫثʹ౸ୡ͢Δ·Ͱʹϝλϊʔϧ͓ΑͼۭؾதΛ௨ա͠ͳ͚
Ε͹ͳΒͳ͍ɻ͜͜Ͱ͸ɺۭؾͷӨڹ͸ແࢹ͠ɺੴӳηϧͷ൒෼ͷ෯Ͱ͋Δ 5 mmΛϝλϊʔ
ϧ͕௨ա͢ΔͱԾఆ͢Δɻਤ 4.4(b)ʹੴӳηϧதͷϝλϊʔϧ 5 mmΛ௨աͨ͠ͱ͖ͷಁա཰
͓Αͼͦͷิਖ਼લޙͷൃޫεϖΫτϧͷҰྫΛࣔ͢ɻਤΑΓɺϝλϊʔϧ (੺఺ઢ)ʹ͸ 1.05
eV෇ۙʹେ͖ͳٵऩ͕ݟΒΕɺଞʹ΋ෳ਺ͷٵऩʹىҼ͢Δߏ଄͕ݟΒΕΔɻ͜Εʹ΄΅ର
Ԡͨ͠ΤωϧΪʔʹଌఆͨ͠ൃޫεϖΫτϧ (ࠇ࣮ઢ) ΋ dip ߏ଄Λ࣋ͭɻଌఆͨ͠ൃޫεϖ
ΫτϧΛϝλϊʔϧͷಁա཰ (100%Λ 1ͱͯ͠ิਖ਼܎਺Λ༻ҙ)ͰׂΓࢉ͢Δ͜ͱʹΑΓɺਤ
4.4(b)தͷ੨࣮ઢΛಘͨɻิਖ਼ޙͷεϖΫτϧʹ͸ dipߏ଄͸શ͘ݟΒΕͣɺྔࢠυοτຊདྷ
ͷൃޫεϖΫτϧ͕ಘΒΕ͍ͯΔͱߟ͑ΒΕΔɻ
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s8g16A1100
Excitation
(Slit: 5 nm)
Luminescence
(Slit: 5 nm)
5 mm
Colloids in Quartz Cuvette
(10 mm)
(a) (b)
ਤ 4.4: (a) ܬޫൃޫ෼ޫ૷ஔʹ͓͚ΔࢼྉઃஔՕॴͷ໛ࣜਤɻ(b) ੴӳηϧதͷϝλϊʔϧ 5
mmΛ௨աͨ͠ͱ͖ͷಁա཰͓Αͼͦͷิਖ਼લޙͷൃޫεϖΫτϧͷҰྫɻ
Ge૊੒ͷߴ͍ࢼྉ͸ൃޫ͕ऑ͘ɺલड़ͷ૷ஔͰ͸ଌఆͰ͖ͳ͔ͬͨͨΊɺҰ෦ͷࢼྉͰ͸
ਤ 4.5ʹࣔ͢ൃޫεϖΫτϧଌఆܥ (0.8–1.6 eV)Λ༻͍ͨɻྭىޫݯʹ೾௕ 405 nmͷ൒ಋମ
ϨʔβʔμΠΦʔυ (COHERENT: CUBE 1073840) Λ༻͍ͨɻྭىޫ͸ϐϯϗʔϧ (Ξύʔ
νϟ)ͱয఺ڑ཭ 150 mmͷϨϯζΛ༻͍ͯूޫͨ͠ɻݕग़ޫ͸ྭىޫͱ 90◦ Λͳ͢ํ޲ͷޫ
ͱ͠ɺয఺ڑ཭͕ 100 mmͱ 200 mmͷ 2ຕͷΞΫϩϚςΟοΫϨϯζ (Ϩϯζͷ޲͖ʹ஫ҙ)
Λ༻͍ͯɺ෼ޫث (Acton: SpectraPro-300i)ͷεϦοτ্ʹूޫͨ͠ɻੴӳηϧͷൃޫݕग़໘
͔Β 1.3 mmఔ౓཭ͨ͠ҐஔʹྭىޫΛরࣹͨ͠ɻεϦοτ෯͸ 300 μmͱͨ͠ɻϨʔβʔͷ
ࢄཚޫΛআڈ͢ΔͨΊʹɺεϦοτखલ͔ΒϩϯάύεϑΟϧλʔ (HOYA)ɺμΠΫϩΠοΫ
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ϑΟϧλʔ (Edmund: J52529) Λ഑ஔͨ͠ɻϩϯάύεϑΟϧλʔ͸த৺೾௕͕ 1000 nm ͷ
ͱ͖ R64ɺ1200, 1400 nmͷͱ͖ IR85Λ༻͍ͨɻݕग़ث͸ӷମ஠ૉͰ −100 ◦C·Ͱྫྷ٫ͨ͠
InGaAsϑΥτμΠΦʔυΞϨʔ (Roper Scientiﬁc: OMA-V-SE)Λ༻͍ͨɻଌఆΑΓಘΒΕͨ
ൃޫεϖΫτϧ͸ɺλϯάεςϯඪ४ϥϯϓΛ༻͍ͯಘΒΕͨ෼ޫײ౓ͷิਖ਼܎਺Λֻ͚ͯิ
ਖ਼ͨ͠ɻ
Laser
405 nm
Lens
(f=150)
Spectrometer
InGaAs
Photodiode
Aperture Sample
1.3 mm
Achromatic Lens 
(f=100)
Achromatic Lens 
(f=200)
Longpass Filter
(R64 or IR85)
Dichroic Filter
(J52529)
ਤ 4.5: ൃޫεϖΫτϧଌఆܥͷུ֓ਤɻ
ൃޫण໋ଌఆ
ਤ 4.6ʹൃޫ࣌ؒԠ౴ଌఆܥͷུ֓ਤΛࣔ͢ɻྭىޫݯʹ͸೾௕ 405 nmͷ൒ಋମϨʔβʔ
μΠΦʔυ (COHERENT: CUBE 1073840) Λ༻͍ͨɻ͜ͷྭىޫΛύϧεδΣωϨʔλʔ
(IWATSU: PG–230)Ͱύϧε෯ 2 msɺ܁Γฦ͠प೾਺ 250 HzͱͳΔΑ͏ʹઃఆ͠ɺϐϯϗʔ
ϧͱয఺ڑ཭ 150 mm ͷϨϯζΛ༻͍ͯूޫͨ͠ɻݕग़ޫ͸ྭىޫͱ 45◦ Λͳ͢ํ޲ͷޫͱ
͠ɺয఺ڑ཭͕ 150 mm ͱ 400 mm ͷϨϯζΛ༻͍ͯɺ෼ޫث (Jobin Yvon: HR–320) ͷε
Ϧοτ্ʹूޫͨ͠ɻϨʔβʔͷࢄཚޫΛআڈ͢ΔͨΊʹεϦοτखલ͔Β৭ΨϥεϑΟϧ
λʔ (HOYA: IR78) ͱμΠΫϩΠοΫϑΟϧλʔ (Edmund: J52529) Λ഑ஔͨ͠ɻݕग़ثʹ
͸ InP/InGaAsޫి໘Λඋ͑ͨۙ੺֎༻ޫిࢠ૿ഒ؅ (PMT: photomultiplier tube) (Hamamatsu
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Photonics: R5509-72)Λ༻͍ͨɻݕग़ث͸ӷମ஠ૉͰ໿ −80 ◦C·Ͱྫྷ٫ͨ͠ɻPMT͔Βͷి
ؾ৴߸Λߴ଎Ԡ౴ͷϓϦΞϯϓ (Hamamatsu Photonics: C6438)Ͱ૿෯͠ɺϚϧννϟϯωϧ
εέʔϥʔ (Stanford Research: SR430)Λ༻͍ͯଌఆͨ͠ɻϦϑΝϨϯε৴߸͸ύϧεδΣω
Ϩʔλʔ͔Βͷ৴߸Λ࢖༻ͨ͠ɻ࣌ؒ෼ղೳ͸ 1.28 μsͱͨ͠ɻͳ͓ɺࢼྉ͸ίϩΠυ༹ӷΛ
ੴӳηϧʹೖΕͨ΋ͷΛ༻͍ͨɻ
Laser
405 nm
Lens
(f=150)
Spectrometer
Photomultiplier 
Tube
Aperture Sample
1.3 mm
Achromatic Lens 
(f=150)
Achromatic Lens 
(f=400)
Longpass Filter
(IR78)
Dichroic Filter
(J52529)
Pulse
Generator
Pre-
amplifier
Multichannel
Scaler
ਤ 4.6: ൃޫ࣌ؒԠ౴ଌఆܥͷུ֓ਤɻ
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4.3 ࣮ݧ݁Ռɾߟ࡯
4.3.1 B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷۃੑ༹ഔ෼ࢄੑ
ࠓճ࡞੡ͨ͠αϯϓϧϦετΛද 4.2, 4.3ʹࣔ͢ɻҎޙɺࢼྉ໊͸ද 4.2, 4.3ͷҰ൪ࠨྻʹ
ࣔͨ͠දهΛ༻͍Δ͜ͱͱ͢ΔɻେจࣈΞϧϑΝϕοτ (A, B)Ҏલ͸εύολ࣌ͷ Si͓Αͼ
Geνοϓ਺Λࣔ͠ɺྫ͑͹ s8g16͸ Siνοϓ 8ຕɺGeνοϓ (2 × 2 mm2)16ຕΛද͢ɻͳ
͓ɺGe νοϓ 16 ຕҎ্͸Τϩʕδϣϯ಺ʹνοϓΛશͯஔ͖੾Εͳ͍ͷͰɺ4 × 4 mm2 ͷ
νοϓͰ໘ੵ͕ಉҰʹͳΔΑ͏ʹຕ਺ௐ੔ͨ͠ɻେจࣈΞϧϑΝϕοτ (A, B) ͸ද 4.1 ʹه
ͨ͠εύολϦϯάλʔήοτ৚݅Ͱ͋ΔɻେจࣈΞϧϑΝϕοτҎޙ͸ΞχʔϧԹ౓ (Ta)
Λࣔ͢ɻ
ਤ 4.7, 4.8ʹ࡞੡ͨ͠ίϩΠυঢ় Si1−xGex ྔࢠυοτͷࣸਅΛࣔ͢ɻ࡞੡৚͕݅ҟͳΔʹ
΋͔͔ΘΒͣɺશͯͷ༹ӷʹ͓͍ͯബ͍ԫ৭͔Βೱ͍஡৭ʹ৭͍ͮͨಁ໌ੑͷߴ༹͍ӷ͕ಘΒ
Ε͍ͯΔɻ༹ӷͷ৭͸ Ge૊੒͕ߴ͘ͳΔ΄ͲɺΞχʔϧԹ౓͕ߴ͘ͳΔ΄Ͳೱ͘ͳ͍ͬͯΔ
͕ɺ͋ΔҰఆͷ Ge૊੒ɺΞχʔϧԹ౓Λ௒͑Δͱ࣍ୈʹرബʹͳ͍ͬͯ͘͜ͱ͕Θ͔Δɻਤ
4.9 ʹίϩΠυঢ় Si1−xGex ྔࢠυοτͷޫಁաεϖΫτϧΛࣔ͢ɻ֤೤ॲཧԹ౓͝ͱʹޫಁ
աεϖΫτϧͷ Ge૊੒ґଘੑΛࣔͨ͠ɻGe૊੒͕૿Ճͯ͠΋ɺۙ੺֎ྖҬʹ͓͍ͯ 80%Ҏ
্ͷߴ͍ಁա཰Λ͍ࣔͯ͠Δ͜ͱ͕Θ͔Δɻ͜ΕΑΓɺڽू෺ʹΑΔࢄཚ͸ແࢹͰ͖ɺྔࢠ
υοτ༹͕ӷதͰߴ͍෼ࢄੑΛ͍ࣔͯ͠Δ͜ͱ͕Θ͔Δɻ
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ද 4.3: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷαϯϓϧϦετ (B: BPO4 γϦʔζ)ɻTa ͸Ξχʔ
ϧԹ౓ɺd, σ ͸ TEM ૾͔Βݟੵ΋ͬͨฏۉཻࢠαΠζ͓Αͼඪ४ภࠩɺ Eopt ͸ޫֶόϯυ
ΪϟοϓɺEPL ͸ൃޫϐʔΫΤωϧΪʔ (ྭى೾௕ 405 nm)ΛͦΕͧΕࣔ͢ɻ
ࢼྉ໊ Ta (◦C) d (nm) σ (nm) Eopt (eV) EPL (eV)
s8g4B700 700 – – 3.66 1.50
s8g4B800 800 – – 3.50 1.27
s8g4B900 900 – – 2.39 1.40
s8g4B1000 1000 – – 1.83 1.30
s8g4B1100 1100 3.93 0.98 1.76 1.16
s8g4B1200 1200 6.95 1.54 1.55 1.06
s8g4B1300 1300 11.7 2.38 1.29 –
s8g8B700 700 – – 2.74 –
s8g8B800 800 – – 3.05 –
s8g8B900 900 – – 1.91 –
s8g8B1000 1000 3.85 0.50 1.76 –
s8g8B1100 1100 4.67 0.72 1.85 –
s8g8B1200 1200 7.71 1.18 1.62 –
s8g8B1300 1300 14.7 3.39 1.55 –
s8g16B700 700 – – 1.69 –
s8g16B800 800 – – 1.49 –
s8g16B900 900 – – 1.73 1.60
s8g16B1000 1000 6.24 0.77 1.51 1.20
s8g16B1100 1100 8.62 1.15 1.47 1.12
s8g16B1200 1200 12.8 1.80 1.25 –
s8g16B1300 1300 13.4 2.81 1.11 –
s8g32B700 700 – – 1.31 –
s8g32B800 800 – – 1.54 –
s8g32B900 900 – – 1.44 –
s8g32B1000 1000 5.51 0.77 1.66 –
s8g32B1100 1100 5.74 0.50 1.53 –
s8g32B1200 1200 8.89 1.53 1.37 –
s8g32B1300 1300 13.2 2.55 0.79 –
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ਤ 4.7: ίϩΠυঢ় Si1−xGex ྔࢠυοτ (A: B2O3 γϦʔζ)ͷࣸਅɻ
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ਤ 4.8: ίϩΠυঢ় Si1−xGex ྔࢠυοτ (B: BPO4 γϦʔζ)ͷࣸਅɻ
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ਤ 4.9: ίϩΠυঢ় Si1−xGex ྔࢠυοτ (A: B2O3 γϦʔζ) ͷޫಁաεϖΫτϧɻTa = (a)
900◦C, (b) 1050◦C, (c) 1100◦C, (d) 1150◦Cɻ
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ਤ 4.10: ίϩΠυঢ় Si1−xGex ྔࢠυοτ (B: BPO4 γϦʔζ)ͷޫಁաεϖΫτϧɻTa = (a)
700◦C, (b) 800◦C, (c) 900◦C, (d) 1000◦C, (e) 1100◦C, (f) 1200◦C, (g) 1300◦Cɻ
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ਤ 4.11-4.19ʹίϩΠυঢ় Si1−xGex ྔࢠυοτͷ TEM૾Λࣔ͢ɻ͍ͣΕͷࢼྉʹ͓͍ͯ΋
ΧʔϘϯίʔτͨ͠ಔϝογϡ্ʹݽཱͨ͠ྔࢠυοτ͕ଘࡏ͓ͯ͠Γɺ3࣍ݩతͳڽू෺͸
؍ଌ͞Εͳ͔ͬͨɻ͜Ε͸ਤ 4.9, 4.10ʹ͓͍ͯۙ੺֎ྖҬͰಁա཰͕ߴ͍͜ͱͱҰக͍ͯ͠
Δɻ·ͨɺ֤ྔࢠυοτ͸ Si1−xGex ࠞথ݁থͷμΠΞϞϯυߏ଄ͱҰக͍ͯ͠Δ͜ͱΛిࢠ
ઢճં૾͔Β֬ೝͨ͠ɻ·ͨɺߴ෼ղೳ TEM૾ (ਤ 4.13(b), 4.14(a, b))͔Β͸ Si1−xGex ࠞথ
ͷ {111}໘ʹରԠ͢Δ֨ࢠࣶ͕໌ྎʹ؍࡯͞Εɺྔࢠυοτͷ΄΅͢΂͕ͯ୯݁থͰ͋Δ͜ͱ
Λ͍ࣔࠦͯ͠Δɻ
TEM ૾͔Βݟੵ΋ͬͨྔࢠυοτͷฏۉαΠζ (d) ͸ද 4.2, 4.3 ʹ֤஋Λɺਤ 4.11(c, d),
4.12(d–f), 4.13(d–f), 4.14(c, d), 4.15(c, d), 4.16(d–f), 4.17(e–h), 4.18(e–h), 4.19(e–h)ʹώετά
ϥϜΛɺਤ 4.20ʹ೤ॲཧԹ౓Λԣ࣠ʹͱͬͯϓϩοτͨ͠ɻਤ 4.20தͷΤϥʔόʔ͸αΠζ
෼෍ʹର͢Δඪ४ภࠩ (σ)Λࣔ͢ɻΞχʔϧԹ౓ͷ૿Ճʹ൐ͬͯαΠζ͕૿Ճ͓ͯ͠Γɺ͜ͷ
݁Ռ͸ఆੑతʹ B, Pಉ࣌υʔϓ Siྔࢠυοτ [31]ͱҰக͍ͯ͠Δɻ͞ΒʹɺGe૊੒ͷ૿Ճ
ʹ൐ͬͯ΋αΠζ͕૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜Ε͸೤ॲཧʹ͓͍ͯ BPSG ϚτϦοΫε
தͰͷ Geݪࢠͷ֦ࢄ܎਺͕ Siݪࢠͱൺ΂ͯେ͖͍͜ͱ΍ɺGeͷ༥఺ (938.2 ◦C)͸ Siͷ༥
఺ (1414 ◦C)ΑΓ௿͍ͨΊͰ͋Δͱߟ͑ΒΕΔɻಛʹɺ༥఺͸ Ge૊੒ʹରͯ͠࿈ଓతʹมԽ
͢ΔͨΊɺ݁থ੒௕ʹӨڹΛ༩͑ΔՄೳੑ͕͋Δɻ
4.3 ࣮ݧ݁Ռɾߟ࡯ 121
(a)
(b)
(c)
0 2 4 6 8 10 12 14 16
0
10
20
30
C
ou
nt
s
Diameter (nm)
s8g0A1100
d = 3.46 nm
V = 0.55 nm
0 2 4 6 8 10 12 14 16
0
10
20
30
 
C
ou
nt
s
Diameter (nm)
s8g0A1150
d = 4.69 nm
V = 0.97 nm
(d)
ਤ 4.11: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a, b) TEM૾ͱ (c, d)αΠζ෼෍ (s8g0AγϦʔ
ζ)ɻTa = (a, c) 1100 ◦C, (b, d) 1150 ◦Cɻਤதͷεέʔϧόʔ͸ 20 nmΛࣔ͢ɻ
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ਤ 4.12: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a–c) TEM ૾ͱ (d–f) αΠζ෼෍ (s8g4A γϦʔ
ζ)ɻTa = (a, d) 1050 ◦C, (b, e) 1100 ◦C, (c, f) 1150 ◦Cɻਤதͷεέʔϧόʔ͸ 20 nmΛࣔ͢ɻ
inset͸ిࢠઢճં૾Ͱ͋Δɻ
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ਤ 4.13: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a–c) TEM૾ͱ (d–f)αΠζ෼෍ (s8g16AγϦʔ
ζ)ɻTa = (a, d) 1050 ◦C, (b, e) 1100 ◦C, (c, f) 1150 ◦Cɻਤதͷεέʔϧόʔ͸ 20 nmΛࣔ͢ɻ
inset͸ిࢠઢճં૾·ͨ͸ɺߴ෼ղೳ TEM૾Ͱ͋Γɺߴ෼ղೳ TEM૾ͷεέʔϧόʔ͸ 5
nmΛࣔ͢ɻ
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ਤ 4.14: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a, b) TEM૾ͱ (c, d)αΠζ෼෍ (s8g32AγϦʔ
ζ)ɻTa = (a, c) 1100 ◦C, (b, d) 1150 ◦Cɻਤதͷεέʔϧόʔ͸ 20 nmΛࣔ͢ɻinset͸ߴ෼ղ
ೳ TEM૾Ͱ͋Γɺߴ෼ղೳ TEM૾ͷεέʔϧόʔ͸ 5 nmΛࣔ͢ɻ
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ਤ 4.15: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a, b) TEM૾ͱ (c, d)αΠζ෼෍ (s4g16AγϦʔ
ζ)ɻTa = (a, c) 1100 ◦C, (b, d) 1150 ◦Cɻਤதͷεέʔϧόʔ͸ 20 nmΛࣔ͢ɻinset͸ߴ෼ղ
ೳ TEM૾Ͱ͋Γɺߴ෼ղೳ TEM૾ͷεέʔϧόʔ͸ 5 nmΛࣔ͢ɻ
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ਤ 4.16: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a–c) TEM ૾ͱ (d–f) αΠζ෼෍ (s8g4B γϦʔ
ζ)ɻTa = (a, d) 1100 ◦C, (b, e) 1200 ◦C, (c, f) 1300 ◦Cɻਤதͷεέʔϧόʔ͸ 20 nmΛࣔ͢ɻ
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ਤ 4.17: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a–d) TEM૾ͱ (e–h) αΠζ෼෍ (s8g8BγϦʔ
ζ)ɻTa = (a, e) 1000 ◦C, (b, f) 1100 ◦C, (c, g) 1200 ◦C, (d, h) 1300 ◦Cɻਤதͷεέʔϧόʔ͸
20 nmΛࣔ͢ɻ
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ਤ 4.18: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a–d) TEM૾ͱ (e–h)αΠζ෼෍ (s8g16BγϦʔ
ζ)ɻTa = (a, e) 1000 ◦C, (b, f) 1100 ◦C, (c, g) 1200 ◦C, (d, h) 1300 ◦Cɻਤதͷεέʔϧόʔ͸
20 nmΛࣔ͢ɻ
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ਤ 4.19: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ (a–d) TEM૾ͱ (e–h)αΠζ෼෍ (s8g32BγϦʔ
ζ)ɻTa = (a, e) 1000 ◦C, (b, f) 1100 ◦C, (c, g) 1200 ◦C, (d, h) 1300 ◦Cɻਤதͷεέʔϧόʔ͸
20 nmΛࣔ͢ɻ
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ਤ 4.20: ίϩΠυঢ় Si1−xGex ྔࢠυοτͷཻࢠαΠζͷ೤ॲཧԹ౓ґଘੑɻ(a) A: B2O3 γ
Ϧʔζɺ(b) B: BPO4 γϦʔζɻ
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4.3.2 B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷߏ଄ධՁ
XPSεϖΫτϧ
B, P ಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷද໘ߏ଄Λ஌ΔͨΊʹ XPS ଌఆΛߦͬͨɻਤ
4.21(a)ʹ Si1−xGex ྔࢠυοτͷ Si 2pيಓʹ͓͚Δ XPSεϖΫτϧΛࣔ͢ɻSi 2pͷϐʔΫ
Ґஔ͸ͦͷࢎԽঢ়ଶ (Si0+, Si1+, Si2+, Si3+, Si4+)ʹԠͯ͡ɺ99.3 eV͔Β 104 eV·Ͱγϑτ͢
Δ͜ͱ͕஌ΒΕ͍ͯΔ [32]ɻਤ 4.22(a)ʹࢼྉ s8g4A1050ͷ Si 2pيಓʹ͓͚Δ XPSεϖΫ
τϧͷϐʔΫ෼཭೾ܗΛࣔ͢ɻSi0+ ͱ Si4+ ʹىҼ͢Δɺ2ͭͷϐʔΫ͕؍ଌ͞Ε͍ͯΔɻ͜
ͷ܏޲͸શͯͷࢼྉͰ؍ଌ͞ΕͨɻSi4+ ϐʔΫ͸ϝλϊʔϧத͋Δ͍͸ۭؾதͰอ؅͍ͯ͠
Δؒʹද໘ʹܗ੒͞Εͨ SiO2 ʹΑΔ΋ͷͰ͋ΓɺSi0+ ͸ίΞ಺෦ͷ Si ͔Βͷ৴߸Ͱ͋Δͱ
ߟ͑ΒΕΔɻਤΑΓɺͦΕΒͷڧ౓ൺ (Si0+/Si4+) ͸ Ge ૊੒͓Αͼ೤ॲཧԹ౓ͷ૿Ճʹ൐ͬ
ͯ૿Ճ͍ͯ͠Δɻ͜Ε͸αΠζͷ૿େʹΑΓྔࢠυοτͷද໘ੵ͕ݮগͨͨ͠ΊͰ͋Δͱߟ͑
ΒΕΔɻಉ༷ͷ܏޲͸ Ge 3dʹ͓͚Δ XPSεϖΫτϧ (ਤ 4.21(b), 4.22(b))Ͱ΋؍ଌ͞Ε͓ͯ
Γɺಉ͡ϝΧχζϜͰઆ໌Ͱ͖Δͱߟ͑ΒΕΔɻද 4.4ʹ XPSͷੵ෼ڧ౓ൺ͔Βݟੵ΋ͬͨ
Ge૊੒ͷ஋Λࣔ͢ɻ͜ͷ஋ͷࢉग़ʹ͸૷ஔݻ༗ͷײ౓܎਺Λ༻͍ͯิਖ਼ͨ͠ɻ
ਤ 4.21(c)ʹ B 1sʹ͓͚Δ XPSε΃ΫτϧΛࣔ͢ɻSi 2p΍ Ge 3dͷϐʔΫͱൺֱͯ͠ɺඇ
ࢎԽ෺ͷ Bݪࢠ͔Βͷ৴߸͕ࢎԽ෺ͷ Bݪࢠͱൺ΂ͯඇৗʹେ͖͘ͳ͍ͬͯΔ [33]ɻ͜ͷ͜
ͱ͔ΒɺSi1−xGex ྔࢠυοτද໘ʹ͸ࢎԽ͞Ε͍ͯͳ͍ B͕ଘࡏ͍ͯ͠Δ͜ͱ͕Θ͔Δɻਤ
4.22(c)ʹࢼྉ s8g4A1050ͷ P 2pيಓʹ͓͚Δ XPSεϖΫτϧͷϐʔΫ෼཭೾ܗΛࣔ͢ɻP
ʹىҼ͢Δߏ଄͚ͩͰͳ͘ɺGe 3p1/2, 3p3/2 يಓʹؔ͢Δߏ଄͕֬ೝ͞ΕͨɻPͷࢎԽ෺ʹى
Ҽ͢ΔεϖΫτϧ͕ଘࡏ͢ΔͷͰɺྔࢠυοτද໘ʹ P͕ଘࡏ͍ͯ͠Δ͜ͱ͸֬ೝͰ͖Δɻଞ
ͷࢼྉͰ΋ಉ༷ͷܗঢ়͕ಘΒΕ͓ͯΓɺB, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͰ͸ P 2pʹؔ͢
Δ XPSεϖΫτϧ͸ Ge 3p1/2, 3p3/2 يಓ͔Βͷڧ͍৴߸ʹΑΓ۠ผ͢Δ͜ͱ͕ࠔ೉Ͱ͋ͬͨɻ
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ਤ 4.21: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ XPSεϖΫτϧɻ(a)Si 2p, (b)Ge 3d, (c) B 1sɻ
ද 4.4: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ Ge૊੒ൺ (x)ɻICP-AES, XPS, Ramanͷ֤ଌ
ఆܥʹΑͬͯݟੵ΋ͬͨ Ge૊੒ൺΛ͍ࣔͯ͠ΔɻRamanͷΈ͸ Si–SiͷৼಈϐʔΫ೾਺΋෇
͍ͯ͠Δɻ
ࢼྉ໊ ICP-AES XPS Raman Si–Si Raman Peak (cm−1)
s8g0A1050 0.073 – 0.199 507.66
s8g0A1100 0.028 – 0.199 507.66
s8g0A1150 0.027 – 0.153 510.53
s8g4A1050 0.091 0.055 0.199 507.67
s8g4A1100 0.08 0.049 0.153 510.52
s8g4A1150 0.085 0.051 0.138 511.46
s8g16A1050 0.204 0.196 0.368 497.21
s8g16A1100 0.195 0.164 0.291 501.94
s8g16A1150 0.218 0.16 0.199 507.66
s8g32A1100 0.469 0.423 0.476 490.51
s8g32A1150 0.48 0.426 0.414 494.34
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ਤ 4.22: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτ (s8g4A1050)ͷ XPSεϖΫτϧͷϐʔΫ෼཭
೾ܗɻ(a)Si 2p, (b)Ge 3d, (c) P 2sɻ
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੺֎ٵऩεϖΫτϧ
ਤ 4.23ʹ s8g16A1100ͷ੺֎ٵऩεϖΫτϧΛࣔ͢ɻSi–O stretching mode (∼1070 cm−1)ɺ
Si–H, Ge–H stretching mode (1980–2180 cm−1)ɺO–H stretching mode (∼3300 cm−1) ʹΑΔ
ٵऩ͕ݟΒΕɺC–H stretching mode (∼2900 cm−1) ʹΑΔٵऩ͕΄ͱΜͲݟΒΕͳ͍ɻྔ
ࢠυοτද໘ͷਫૉऴ୺ (Si–H) ͱΞϧίʔϧ (R–OH) ͕൓Ԡͯ͠ΞϧίΩγυ (R–O−) Λ
ܗ੒͢Δ͜ͱ͕஌ΒΕ͍ͯΔ [34] ͕ɺSi–H ͓Αͼ Ge–H ͕ڧ͘؍ଌ͞Ε͍ͯΔɻ͜ͷ͜
ͱ͔ΒΞϧίΩγυͷܗ੒͸օແͰ͋ΓɺSi1−xGex ྔࢠυοτද໘͕༗ػ෼ࢠͰम০͞
Ε͓ͯΒͣɺද໘͕ O, H, OH ͱ͍ͬͨແػ෺ͷΈߏ੒͞Ε͍ͯΔ͜ͱΛڧ͍ࣔࠦͯ͘͠
Δɻ·ͨɺ800–1000 cm−1 ʹ͔͚ͯߏ଄͕ݟΒΕΔɻ͜ͷྖҬͰ͸ Ge–O symmetric stretching
mode (700–900 cm−1)[35]ɺSi–O symmetric stretching mode (800 cm−1)ɺSi–OH stretching mode
(800–900 cm−1)[36]ɺOx–Si–Hy bending mode (800–900 cm−1)[37] ͳͲ͕ॏͳ͓ͬͯΓɺ͜
ΕΒ͸༹ӷதͰͷ Si1−xGex ྔࢠυοτද໘ͷࢎԽঢ়ଶʹΑͬͯมԽ͢Δ͜ͱ͕஌ΒΕ͍ͯΔ
[37]ɻXPSଌఆͷ݁Ռ (ਤ 4.21(a), (b))Λߟྀ͢Δͱɺશ͕ͯ׬શͳࢎԽ෺Ͱ͸ͳ͍͕ද໘ࢎ
Խ͕ى͍ͬͯ͜Δঢ়ଶͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ
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ਤ 4.23: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτ (s8g16A1100)ͷ੺֎ٵऩεϖΫτϧɻ
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RamanࢄཚεϖΫτϧ
݁থߏ଄Λղੳ͢Δ্ͰɺRamanࢄཚଌఆ͸༗ޮͳखஈͷҰͭͰ͋Δɻਤ 4.24ʹɺB, Pಉ
࣌υʔϓ Si ྔࢠυοτͷ Raman ࢄཚεϖΫτϧΛࣔ͢ [38]ɻόϧΫ݁থ Si ͷ 520 cm−1 ෇
ۙʹϐʔΫ͕؍ଌ͞ΕɺͦͷεϖΫτϧ͸௿೾਺ଆʹ੄ΛҾ͘ߏ଄Λ͍࣋ͬͯΔɻҰൠʹɺྔ
ࢠυοτͷ RamanεϖΫτϧ͸ϑΥϊϯด͡ࠐΊޮՌͷӨڹʹΑΓɺϒϩʔυχϯά͕ى͜
Δ͜ͱ͕஌ΒΕ͍ͯΔ [39–41]ɻ·ͨɺϝΠϯͷϐʔΫͱ͸ผʹɺ650 cm−1 ෇ۙʹϒϩʔυ
ͳߏ଄͕ݟΒΕΔɻ͜ͷཁҼͱͯ͠·ͣߟ͑ΒΕΔͷ͸ɺSi݁থதͷ 11B, 10BͰ͋Δɻ͜Ε
Β͸ͦΕͧΕ 623, 646 cm−1 ʹ RamanϐʔΫΛ࣋ͭ [42]͜ͱ͕஌ΒΕ͓ͯΓɺ͜ͷϐʔΫͱ
Ұக͍ͯ͠Δɻ͞ΒʹɺSi݁থதͷ B–PϖΞͷϩʔΧϧϞʔυ͸ 600, 616, 629, 650 cm−1 ʹ
ϐʔΫΛ͓࣋ͬͯΓ [43, 44]ɺB–PϖΞ͔Βͷ৴߸΋ॏͳ͍ͬͯΔͱߟ͑ΒΕΔɻͦͷଞʹɺ
Si݁থதͷ༷ʑͳܗଶͷ BΫϥελʔ ((Bs)2−2 : 642 cm
−1, (Bs)02: 660 cm
−1, (Bs–Sii–Bs)−: 666
cm−1, (Bs–Sii–Bs)0: 688 cm−1)[45, 46]΋͜ͷपғʹ RamanϐʔΫΛ࣋ͭ͜ͱ͔ΒɺBΫϥε
λʔͷد༩΋͋Δͱߟ͑ΒΕΔɻ·ͨɺSi ͷϒϩʔυͳߏ଄ͷͨΊʹ໌ྎʹ͸؍ଌͰ͖ͳ͍
͕ɺ݁থ Siதͷ PͷϩʔΧϧϞʔυ (441 cm−1)΋ଘࡏ͢Δͱਪଌ͞ΕΔɻ͜ΕΒͷ݁Ռ͸ Si
݁থதʹෆ७෺Ͱ͋Δ B, P͕ଘࡏ͍ͯ͠Δ͜ͱΛࣔ͢௚઀తͳূڌͰ͋Δɻ
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ਤ 4.24: B, Pಉ࣌υʔϓ Siྔࢠυοτͷ RamanࢄཚεϖΫτϧ [38]ɻਤதʹ݁থ Siதͷ B,
B–P͓Αͼ PͷϩʔΧϧϞʔυͷϐʔΫΛࣔ͢ɻ
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ਤ 4.25ʹ B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ RamanࢄཚεϖΫτϧ (A: B2O3 γϦʔ
ζ)Λࣔ͢ɻ௿͍ Ge૊੒ͷࢼྉɺྫ͑͹ਤ 4.25(a)ͷ s8g0AγϦʔζͰ͸ɺ520 cm−1 ෇ۙʹ
Si–Si݁߹ϖΞʹؔ͢ΔϐʔΫ͕؍ଌ͞Εͨɻ͜ͷϐʔΫ͸ඇৗʹϒϩʔυͰ͋Γɺ௿೾਺ଆ
ʹ੄ΛҾ͘ߏ଄Λ͍࣋ͬͯΔɻ೤ॲཧԹ౓͕ߴ͘ͳΔ΄ͲɺͦͷϐʔΫ͸γϟʔϓʹͳͬͯ
͍͘ɻ͜ͷ܏޲͸ B, Pಉ࣌υʔϓ SiྔࢠυοτͱఆੑతʹҰக͍ͯ͠Δ [38]ɻߴ͍ Ge૊੒
ͷࢼྉͰ͸ Si–Ge͓Αͼ Ge–Ge݁߹ʹىҼ͢ΔϒϩʔυͳϐʔΫ͕ 400 cm−1ɺ280 cm−1 ෇
ۙʹͦΕͧΕ؍ଌ͞ΕͨɻGe૊੒ͷൺֱతߴ͍ s8g32AγϦʔζͷࢼྉ (ਤ 4.25(d))Ͱ͸ɺ3
ͭͷόϯυͷڧ౓͕ൺֱͰ͖Δఔ౓ʹڧ͘؍ଌ͞ΕͨɻGe–Ge, Si–Ge, Si–SiόϯυͷεϖΫ
τϧܗঢ়͸యܕతͳ Si1−xGex ࠞথͰ͋Γ [47–50]ɺࠓճ࡞੡ͨ͠ࢼྉ͕ Si ྔࢠυοτ΍ Ge
ྔࢠυοτͷࠞ߹෺Ͱ͸ͳ͘ Si1−xGex ࠞথྔࢠυοτͰߏ੒͞Ε͍ͯΔ͜ͱΛࣔ͢ূڌͰ͋
Δɻਤ 4.26ʹ Si1−xGex ྔࢠυοτͷ RamanࢄཚεϖΫτϧͷ Si–SiϐʔΫ೾਺ͷ Ge૊੒
ґଘੑΛࣔ͢ɻSi–SiϐʔΫ೾਺͸ Ge૊੒ͷ૿Ճʹ൐ͬͯ௿೾਺ଆʹγϑτ͓ͯ͠Γɺ࠷΋
Ge૊੒ͷߴ͍ࢼྉͰ 494 cm−1 ·Ͱγϑτ͍ͯ͠Δɻ͜ͷ݁Ռ͸όϧΫ Si1−xGex ࠞথബບͷ
࣮ݧ݁Ռ [49, 51]ʹجͮࣜ͘ (ਤ 4.26தͷ఺ઢ)
ωSi−Si(x) = 520.2 − 62x (4.1)
ͱ΄΅Ұக͓ͯ͠Γɺ͜Ε΋ Si1−xGex ࠞথྔࢠυοτ͕ܗ੒͞Ε͍ͯΔ͜ͱΛࣔ͢ূڌͰ͋
Δɻ͔͠͠ͳ͕ΒɺόϧΫ Si1−xGex ࠞথͱൺ΂ͯɺϐʔΫ͸ඇৗʹϒϩʔυʹͳ͍ͬͯΔɻ
͜Ε͸લड़ͷαΠζʹΑΔϑΥϊϯด͡ࠐΊޮՌͷӨڹ [39–41]ͱ B, Pͷෆ७෺͕ߴೱ౓ʹ
υʔϐϯά͞Ε͍ͯΔӨڹ [52]͕ߟ͑ΒΕΔɻͳ͓ɺࣜ (4.1)ʹΑΓݟੵ΋ͬͨ Ge૊੒ͷ஋
Λද 4.4ʹ͍ࣔͯ͠Δɻ
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ਤ 4.25: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ RamanࢄཚεϖΫτϧ (A: B2O3 γϦʔζ)ɻ
(a) s8g0Aɺ(b) s8g4Aɺ(c) s8g16Aɺ(d) s8g32AγϦʔζɻ
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ਤ 4.26: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ RamanࢄཚεϖΫτϧʹ͓͚Δ Si–SiϐʔΫ
೾਺ͷ Ge૊੒ґଘੑɻRef͸όϧΫ Si1−xGex ࠞথബບ [49]ɻ
ਤ 4.27 ʹ Si1−xGex ྔࢠυοτͷ Raman ࢄཚεϖΫτϧΛࣔ͢ (B: BPO4 γϦʔζ)ɻਤ
4.27(a) ͷ s8g4B γϦʔζͰ͸೤ॲཧԹ౓ͷ্ঢʹ൐ͬͯɺSi–Si ݁߹ͷϐʔΫ͕௿೾਺γϑ
τ͢Δͱͱ΋ʹɺSi–Ge, Ge–Ge݁߹ʹىҼ͢Δߏ଄͕ݟΒΕΔɻҰํɺਤ 4.27(b–d)ͷൺֱత
Ge૊੒ͷߴ͍ࢼྉͰ͸ɺ௿͍೤ॲཧԹ౓Ͱ Ge–Ge݁߹ʹىҼ͢ΔγϟʔϓͳϐʔΫ͕؍ଌ͞
Εɺ೤ॲཧԹ౓ͷ্ঢʹ൐ͬͯ Si–Si΍ Si–Ge݁߹ʹؔ͢ΔϐʔΫ͕૿Ճ͍ͯ͠Δɻ೤ॲཧԹ
౓Λ޿ൣғʹมԽͤͨ͞৔߹ɺBPSGϚτϦοΫεதͰͷ Geݪࢠͷ֦ࢄ܎਺͕ Siݪࢠͱൺ΂
ͯେ͖͍͜ͱ΍ɺGeͷ༥఺ (938.2 ◦C)͸ Siͷ༥఺ (1414 ◦C)ΑΓ௿͍͜ͱ͔ΒɺSi1−xGex ྔ
ࢠυοτͷ੒௕౓߹͍͕มԽ͢Δ͜ͱ͕༧૝͞ΕΔɻ೤ॲཧԹ౓͕௿͍৔߹͸ GeͷΈ͕݁থ
੒௕͢Δ͜ͱͰ Geྔࢠυοτ͕੒௕͢Δ͕ɺ1000–1100 ◦CҎ্ͷ೤ॲཧԹ౓Ͱ͸ Siͱ Ge
͕ͱ΋ʹ੒௕ͯ͠ɺSi1−xGex ྔࢠυοτ͕੒௕͢Δͱߟ͑ΒΕΔɻද 4.5 ʹϐʔΫҐஔ͔Β
ݟੵ΋ͬͨ Ge૊੒ͷ஋Λࣔ͢ɻͳ͓ɺx ≤ 0.5ҎԼ͸ࣜ (4.1)Ͱɺx > 0.5͸ҎԼͷࣜͰݟੵ
΋ͬͨ [53]ɻ
ωSi−Ge(x) = 389 + 0.5(1 − x) (4.2)
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ਤ 4.27: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ RamanࢄཚεϖΫτϧ (B: BPO4 γϦʔζ)ɻ
(a) s8g4Bɺ(b) s8g8Bɺ(c) s8g16Bɺ(d) s8g32BγϦʔζɻ
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ද 4.5: RamanࢄཚϐʔΫʹΑͬͯݟੵ΋ͬͨ B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ Ge૊
੒ൺ (x)ɻSi–Si, Si–Ge, Ge–GeͷৼಈϐʔΫ೾਺΋෇͍ͯ͠Δɻ
ࢼྉ໊ ωSi−Si (cm−1) ωSi−Ge (cm−1) ωGe−Ge (cm−1) Ge composition
s8g4B1000 511.38 – – 0.14
s8g4B1100 513.32 – – 0.11
s8g4B1200 516.16 – – 0.07
s8g4B1300 509.48 – – 0.17
s8g8B900 – 400.28 296.91 0.77
s8g8B1000 497.00 399.30 294.92 0.37
s8g8B1100 507.57 402.24 294.92 0.20
s8g8B1200 508.51 401.26 293.93 0.19
s8g8B1300 509.48 – – 0.17
s8g16B700 – – 296.99 ∼1
s8g16B800 – – 296.99 ∼1
s8g16B900 – – 297.98 ∼1
s8g16B1000 489.34 399.36 296.99 0.79
s8g16B1100 496.07 398.38 296.00 0.81
s8g16B1200 502.80 403.25 296.00 0.72
s8g16B1300 499.92 402.27 295.00 0.73
s8g32B700 – – 297.90 ∼1
s8g32B800 – – 297.90 ∼1
s8g32B900 – – 297.90 ∼1
s8g32B1000 – – 297.90 ∼1
s8g32B1100 – 403.22 297.90 0.72
s8g32B1200 – 401.26 297.90 0.75
s8g32B1300 – 400.28 296.91 0.77
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ߴ೾਺ଆͷߏ଄ʹ͍ͭͯ͞Βʹղੳ͍ͯ͘͠ɻਤ 4.28 ʹ B, P ಉ࣌υʔϓ͓Αͼෆ७෺Λ
υʔϓ͍ͯ͠ͳ͍ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ Raman ࢄཚεϖΫτϧΛࣔ͢ɻෆ७෺
Λυʔϓ͍ͯ͠ͳ͍ࢼྉͰ͸ Si–Si, Si–Ge, Ge–Geͷ Si1−xGex ࠞথಛ༗ͷ 3ͭͷϐʔΫͷΈ
͕؍ଌ͞ΕͨɻҰํɺB, P Λಉ࣌υʔϐϯάͨ͠ࢼྉ (s8g32A1150) Ͱ͸ɺSi1−xGex ࠞথಛ
༗ͷ 3ͭͷϐʔΫʹՃ͑ͯɺ550͔Β 650 cm−1 ෇ۙʹ৽ͨͳϒϩʔυͳߏ଄͕ݟΒΕͨɻ͜
ͷϒϩʔυͳߏ଄͸ 2ͭͷϐʔΫ͔Βͳ͓ͬͯΓɺ·ͣߴ೾਺ଆͷϐʔΫͷىݯͱͯ͠ߟ͑Β
ΕΔͷ͸ Si݁থதͷ 11B, 10BͰ͋Δɻ͜ΕΒ͸ͦΕͧΕ 623, 646 cm−1 ʹϐʔΫΛ࣋ͭ [42]
͜ͱ͕஌ΒΕ͓ͯΓɺ͜ͷϐʔΫͱҰக͍ͯ͠Δɻ͞ΒʹɺSi݁থதͷ B–PϖΞͷϩʔΧϧ
Ϟʔυ͸ 600, 616, 629, 650 cm−1 ʹϐʔΫΛ͓࣋ͬͯΓ [43, 44]ɺB–P ϖΞ͔Βͷ৴߸΋ॏ
ͳ͍ͬͯΔͱߟ͑ΒΕΔɻ·ͨɺ௿೾਺ଆͷϐʔΫͷىݯͱͯ͠ߟ͑ΒΕΔͷ͸ Ge݁থதͷ
11B, 10BͷϩʔΧϧϞʔυͰ͋Δɻ͜ΕΒ͸ͦΕͧΕ 547, 571 cm−1 ʹϐʔΫΛ࣋ͭ [54, 55]
͜ͱ͕஌ΒΕ͓ͯΓɺ͜ͷϐʔΫͱҰக͍ͯ͠Δɻ͞ΒʹɺSi݁থதͷ PͷϩʔΧϧϞʔυ͸
441 cm−1 ʹ؍ଌ͞ΕΔ͜ͱ͕஌ΒΕ͍ͯΔ [56]͕ɺSi1−xGex ࠞথʹ͓͍ͯ͸ Si1−xGex ͷ 3
ͭͷϐʔΫͱॏͳͬͯ͠·͍ɺ໌ྎʹ؍ଌ͢Δ͜ͱ͕Ͱ͖ͳ͔ͬͨɻ͜ΕΒͷ݁Ռ͸ɺB, Pಉ
࣌υʔϓ Si1−xGex ྔࢠυοτͷද໘૚͕ɺB΍ PͷԽ߹෺Ͱܗ੒͞Ε͍ͯΔͷͰ͸ͳ͘ɺB
ͱ PΛߴೱ౓ʹυʔϐϯάͨ͠ Si1−xGex ୯݁থ૚Ͱ͋Δ͜ͱΛڧ͍ࣔࠦͯ͘͠Δɻ
ਤ 4.29(a)ʹෆ७෺ϩʔΧϧϞʔυ෇ۙΛن֨Խͯ͠ϓϩοτͨ͠΋ͷΛࣔ͢ɻൺֱͷͨΊɺ
Si ྔࢠυοτͷ Raman εϖΫτϧ [38] ΋͍ࣔͯ͠ΔɻSi ྔࢠυοτͰ͸ 650 cm−1 ෇ۙʹ
ϒϩʔυͳϐʔΫΛ࣋ͪɺB΍ B–PϖΞͷϩʔΧϧϞʔυΑΓ΋ߴ೾਺ଆʹߏ଄Λ͍࣋ͬͯ
Δɻ͜Ε͸ Si݁থதͷ༷ʑͳܗଶͷ BΫϥελʔͷϩʔΧϧϞʔυͰ͋Δͱߟ͑ΒΕΔɻҰ
ํɺSi1−xGex ࠞথʹ͢Δͱ BΫϥελʔͷྔ͸ݮগ͠ɺSi݁থதͷ B΍ B–PϖΞͷϩʔΧ
ϧϞʔυʹىҼ͢Δͱߟ͑ΒΕΔߏ଄͕؍ଌ͞Εͨɻ͞ΒʹɺGe૊੒Λ 47%ఔ౓·Ͱ૿Ճ͞
ͤΔͱɺ৽ͨʹ 560 cm−1 ෇ۙʹߏ଄͕ݟΒΕɺGe݁থதʹ΋ B͕ଘࡏ͍ͯ͠Δ͜ͱ͕Θ͔
ΔɻҎ্ͷ͜ͱ͔Βɺྔࢠυοτද໘ͷγΣϧߏ଄͸ Ge૊੒͕ 20%ఔ౓·Ͱ͸ߴೱ౓ B, P
ΛؚΉ Si݁থγΣϧɺ40%Λ௒͑Δͱ Si1−xGex ݁থγΣϧ͕Ͱ͖͍ͯΔͱਪଌ͞ΕΔɻਤ
4.29(b)ʹ Si1−xGex ͷߏ଄ʹର͢Δ B, B–PϩʔΧϧϞʔυͷੵ෼ڧ౓ൺͷ Ge૊੒ґଘੑΛ
ࣔ͢ɻGe૊੒͕ 0ͷ΋ͷʹରͯ͠ɺࠞথʹ͢Δ͜ͱͰڧ౓͕ 4෼ͷ 1ҎԼ·Ͱ௿Լ͠ɺGe૊
੒Λ૿΍ͯ͠΋஋͸ͦΕ΄ͲมԽ͠ͳ͍ɻ͜Ε͸ Si1−xGex ࠞথʹͳΔͱɺද໘γΣϧ͕ܗ੒
͞Εʹ͍͘͜ͱΛ͍ࣔͯ͠Δͱߟ͑ΒΕΔɻ͜ͷද໘γΣϧ͕ܗ੒͞Εʹ͍͘͜ͱ༹͕ӷதͰ
ͷ௕ظ҆ఆੑͷ௿ԼΛ΋ͨΒ͍ͯ͠Δͱਪ࡯͞ΕΔɻ
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ਤ 4.28: B, Pಉ࣌υʔϓ͓Αͼෆ७෺Λυʔϓ͍ͯ͠ͳ͍ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ
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ਤ 4.29: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ (a)ෆ७෺ϩʔΧϧϞʔυͷ Ge૊੒ґଘੑɺ
(b)ϩʔΧϧϞʔυͷੵ෼ڧ౓ൺɻൺֱͷͨΊɺB, Pಉ࣌υʔϓ Siྔࢠυοτͷ Ramanεϖ
Ϋτϧ [38]͓Αͼੵ෼ڧ౓Λ͍ࣔͯ͠Δɻ
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ߟ࡯
Ҏ্ͷσʔλ͔Β B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷද໘ߏ଄ʹ͍ͭͯߟ࡯͢Δɻ
• XPSଌఆ: ද໘ʹ B, P͕ଘࡏ͠ɺBʹ͍ͭͯ͸ඇࢎԽ෺ͷঢ়ଶͰଟ͘ଘࡏ
• FT-IRଌఆ: ද໘͸ແػ෺ͷΈͰऴ୺
• Ramanࢄཚଌఆ: Si1−xGex ୯݁থதʹɺB΍ P͕ଘࡏ
• ICP-AESଌఆ: B΍ P͕ɺSi͓Αͼ Geͷݻ༹ݶքΛ௒͑ͯߴೱ౓ʹ෼෍
Ҏ্ͷ݁Ռ͔Βɺਤ 4.30 ͷΑ͏ͳ Si1−xGex ྔࢠυοτͷߏ଄ϞσϧΠϝʔδΛఏҊ͢Δɻ
Si1−xGex ݁থίΞ͕಺෦ʹଘࡏ͠ɺͦ ͷද໘ʹ͸ߴೱ౓ͳ B, PΛؚΉ݁থ Si1−xGex ݁থγΣ
ϧ͕ଘࡏ͍ͯ͠Δͱਪଌ͞ΕΔɻ͜ͷද໘݁থγΣϧ͕ෛͷද໘ిҐΛ΋ͨΒ͠ɺͦͷ੩ిੱ
ྗʹΑͬͯۃੑ༹ഔதͰڽूମ͕Ͱ͖ΔͷΛ཈੍͍ͯ͠Δͱߟ͑ΒΕΔɻ͔͠͠ɺGe૊੒͕
ߴ͍ͱγΣϧ͕ܗ੒͞Εʹ͘͘ͳΓɺ෼ࢄੑ͕௿Լ͢Δɻ
B, P㧗⃰ᗘSi1-xGex⤖ᬗ䝅䜵䝹
Si1-xGex
㔞Ꮚ䝗䝑䝖䝁䜰
ਤ 4.30: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷߏ଄ϞσϧΠϝʔδɻ
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4.3.3 B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷޫֶಛੑ
ޫֶόϯυΪϟοϓ
൒ಋମࡐྉͷόϯυΪϟοϓΤωϧΪʔΛݟੵ΋Δํ๏ͱͯ͠ޫֶόϯυΪϟοϓ (Eopt)Λ
ٻΊΔ͜ͱ͕༗ޮͰ͋ΔɻຊݚڀͰ͸ɺޫֶόϯυΪϟοϓΛ Taucϓϩοτ (ؒ઀ભҠܕ)ʹ
ΑΓݟੵ΋ͬͨ [57]ɻਤ 4.31ʹͦͷҰྫΛࣔ͢ɻҎԼͷࣜʹΑΓϑΟοςΟϯάΛߦͬͨɻ
(αhν)1/2 = B(hν − Eopt) (4.3)
α ͸ٵޫ౓ɺhν ͸ޫͷΤωϧΪʔͰ͋Δɻද 4.2, 4.3ʹ TaucϓϩοτʹΑΓݟੵ΋ͬͨޫֶ
όϯυΪϟοϓΛ਺஋Ͱ͍ࣔͯ͠Δɻਤ 4.32(a, b)ʹޫֶόϯυΪϟοϓͷ೤ॲཧԹ౓ґଘੑ
Λࣔ͢ɻ͹Β͖ͭ͸͋Δ΋ͷͷɺ೤ॲཧԹ౓ͷ૿Ճʹ൐ͬͯɺޫֶόϯυΪϟοϓ͸খ͘͞
ͳ͍ͬͯΔɻ·ͨɺಉҰΞχʔϧԹ౓ʹ͓͍ͯɺGe૊੒͕ߴ͘ͳΔ΄Ͳ௿ΤωϧΪʔʹγϑ
τ͍ͯ͠Δ͜ͱ͕Θ͔Δɻਤ 4.32(c, d)ʹޫֶόϯυΪϟοϓͷཻࢠαΠζґଘੑΛࣔ͢ɻಉ
ҰαΠζʹ͓͍ͯ Ge૊੒͕ߴ͘ͳΔͱޫֶόϯυΪϟοϓ͸খ͘͞ͳ͓ͬͯΓɺGe૊੒ͱ
αΠζͷ྆ํΛมԽͤ͞Δ͜ͱʹΑΓɺ0.79͔Β 3.7 eVͷ޿ൣғʹޫֶόϯυΪϟοϓΛ੍
ޚ͢Δ͜ͱ͕Ͱ͖͍ͯΔɻ
1 2 3
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hQ (eV)
intercept: -2.31
slope: 1.40
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ਤ 4.31: ޫֶόϯυΪϟοϓΛٻΊΔͨΊͷ TaucϓϩοτͷҰྫ (s8g16A1050)ɻ
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ਤ 4.32: B, Pಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷޫֶόϯυΪϟοϓͷ (a, b)೤ॲཧԹ౓ґଘ
ੑɺ(c, d)ཻࢠαΠζґଘੑɻ(a, c) A: B2O3 γϦʔζɺ(b, d) B: BPO4 γϦʔζɻ
ٵऩஅ໘ੵ
Si1−xGex ྔࢠυοτͰ஫໨͢΂͖ಛ௃ͷ 1ͭͱͯ͠ɺSiྔࢠυοτͱൺ΂ͯٵऩஅ໘ੵͷ
૿େ͕ڍ͛ΒΕΔɻਤ 4.33ʹ Siྔࢠυοτ [58]͓Αͼ Geྔࢠυοτ [59]ͷٵऩஅ໘ੵε
ϖΫτϧ͓Αͼ֤ΤωϧΪʔʹ͓͚Δٵऩஅ໘ੵͷཻࢠαΠζґଘੑΛࣔ͢ɻ͜ΕΒ͸ͲͪΒ
΋ϓϥζϚ߹੒ʹΑͬͯ࡞ΒΕͨྔࢠυοτͰ͋Δɻ1.8 eVʹ͓͍ͯɺSiྔࢠυοτͷٵऩஅ
໘ੵ͸ 10−20 cm2 Φʔμʔͳͷʹର͠ɺGeྔࢠυοτ͸ 10−19 cm2 Ҏ্ͷٵऩஅ໘ੵΛ࣋ͭ
͜ͱ͔ΒɺGeྔࢠυοτͷํ͕ΑΓଟ͘ͷϑΥτϯΛٵऩͰ͖Δ͜ͱ͕Θ͔Δɻ·ͨɺGeྔ
ࢠυοτͷํ͕௿ΤωϧΪʔྖҬͰ΋ߴ͍ޫٵऩΛ͍ࣔͯ͠ΔɻSi1−xGex ྔࢠυοτͷٵऩ
அ໘ੵ͸ Siͱ GeͷؒͰมԽ͢Δͱߟ͑ΒΕɺ૊੒ʹΑͬͯޫٵऩΛਫ਼ີʹ੍ޚͰ͖ΔՄೳੑ
͕͋Δɻ͜ΕʹΑΓɺଠཅޫʹؚ·ΕΔ௿ΤωϧΪʔϑΥτϯͷ༗ޮར༻͕ظ଴Ͱ͖Δଞɺޫ
ٵऩྔͷ૿େʹΑΔߴൃޫޮ཰͕ظ଴Ͱ͖ɺόΠΦΠϝʔδϯάͷൃޫࡐྉͱͯ͠ͷԠ༻Մೳ
ੑ͕ߟ͑ΒΕΔɻ
ਤ 4.34(a) ʹ B, P ಉ࣌υʔϓ Si1−xGex ྔࢠυοτͷ 1 ݪࢠ͋ͨΓͷٵऩஅ໘ੵ (σatm) ε
ϖΫτϧΛࣔ͢ɻ1ݪࢠ͋ͨΓͷٵऩஅ໘ੵ͸ϝλϊʔϧதʹ෼ࢄͨ͠ Si1−xGex ྔࢠυοτ
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ਤ 4.33: (a, b) Siྔࢠυοτ [58]ɺ(c, d) Geྔࢠυοτ [59]ͷ (a, c)ݪࢠ 1ͭ͋ͨΓͷٵऩஅ
໘ੵεϖΫτϧͱ (b, d)֤ΤωϧΪʔʹ͓͚Δٵऩஅ໘ੵͷཻࢠαΠζґଘੑɻ
ͷಁա཰ (T)ΑΓܭࢉͯ͠ٻΊ͍ͯΔɻσatm ͸ҎԼͷ Beer-Lambertͷ๏ଇʹΑΓఆٛ͞ΕΔ
[59]ɻ
T =
I
I0
= e−Nlσatm (4.4)
T ͸ޫಁա཰ɺI0͸ೖࣹޫڧ౓ɺI ͸ࢼྉͷಁաޫڧ౓ɺN ͸ྔࢠυοτதͷݪࢠີ౓ɺl͸ޫͷ
ಁաڑ཭ (ຊݚڀͰ༻͍ͨੴӳηϧͷޫ࿏௕͸ 1 cm)ΛͦΕͧΕද͢ɻN ͸ ICP-AESʹΑΓଌ
ఆͨ͠ Si, Ge, B, Pͷ֤ݪࢠೱ౓ΛϞϧ਺ʹͦΕͧΕม׵͠ɺΞϘΨυϩ਺ (NA = 6.022×1023)
Λ༻͍ͯݪࢠ਺ʹ׵ࢉͯ͠଍͠߹Θͤͨ΋ͷΛ༻͍ͨɻGe૊੒͕ߴ͘ͳΔʹͭΕͯɺٵऩஅ
໘ੵ͕૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɻਤ 4.34(b), (c), (d)ʹ 4.1, 3.1, 1.8 eVʹ͓͚Δٵऩஅ໘ੵ
ͷཻࢠαΠζґଘੑΛͦΕͧΕࣔ͢ɻ, •, , ͸ͦΕͧΕ s8g0A, s8g4A, s8g16A, s8g32Aγ
ϦʔζΛࣔ͠ɺൺֱͱͯ͠ , ͸ͦΕͧΕϓϥζϚ߹੒ʹΑΓ࡞੡͞Εͨ Siྔࢠυοτ [58]ɺ
Geྔࢠυοτ [59]ͷٵऩஅ໘ੵͷ࣮ݧσʔλΛࣔ͢ɻશͯͷΤωϧΪʔྖҬʹ͓͍ͯɺٵऩ
அ໘ੵ͸ྔࢠυοταΠζ͚ͩͰͳ͘ Ge૊੒ͷ྆ํʹґଘੑ͕ೝΊΒΕͨɻಛʹɺಉҰαΠ
ζʹ͓͍ͯ Ge૊੒͕ߴ͘ͳΔ΄Ͳɺٵऩஅ໘ੵ΋૿Ճ͍ͯ͠Δɻ·ͨɺಉҰαΠζʹ͓͚Δ
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ϦϑΝϨϯεσʔλͱൺֱͯ͠ɺSiྔࢠυοτΑΓ͸େ͖͘ɺGeྔࢠυοτΑΓ͸খ͍͞ٵ
ऩஅ໘ੵ͕ಘΒΕͨɻ͔͠͠ͳ͕ΒɺҰ෦ͷࢼྉͰ͜ͷ܏޲͕ݟΒΕͳ͍ͷ͸ɺαΠζ෼෍͕
޿͍͜ͱ΍ɺϦϑΝϨϯε͸ෆ७෺υʔϓ͍ͯ͠ͳ͍ͷʹର͠ɺຊݚڀͰ༻͍ͨࢼྉ͸ Si, Ge,
B, PΛಉ౳ʹ 1ͭͷݪࢠͱͯ͠ѻ͍ͬͯΔͨΊͰ͋Δͱߟ͑ΒΕΔɻ
MaxwellํఔࣜͱMieཧ࿦ʹجͮ͘൒ܘ r ͷཻࢠ 1ݸ͋ͨΓͷٵऩஅ໘ੵ σabs ͱࢄཚஅ໘
ੵ σsca ͸ҎԼͷࣜͰදͤΔ [59, 60]ɻ
σabs(r, λ) = 8π2m2
(
r3
λ
)
Im
⎡
⎢
⎢
⎢
⎢
⎣
m21 − m22
m21 + 2m
2
2
⎤
⎥
⎥
⎥
⎥
⎦
(4.5)
σsca(r, λ) =
128π5m42
3
(
r6
λ4
) 





m21 − m22
m21 + 2m
2
2






2
(4.6)
ͳ͓ɺm1,m2 ͸φϊཻࢠ͓Αͼपลഔ࣭ͷ۶ં཰Ͱ͋Δɻਤ 4.35(a, b)ʹ Si1−xGex ྔࢠυο
τͷ (a) 1ݸ͋ͨΓɺ(b) 1ݪࢠ͋ͨΓͷٵऩஅ໘ੵεϖΫτϧͷ Ge૊੒ґଘੑΛࣔ͢ɻཻࢠ
αΠζ͸௚ܘ 5 nmͱ͠ɺm1 ͷ஋͸όϧΫ Si1−xGex ͷ۶ં཰ΛԾఆ͠ [61]ɺm2 ͸ϝλϊʔ
ϧ (۶ં཰: 1.33) ༹ഔΛԾఆͨ͠ɻGe ૊੒ͷ૿Ճʹ൐ͬͯɺՄࢹ–ۙ੺֎ҬͰٵऩஅ໘ੵ͕
૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɻͦͷࠩ͸ݪࢠ 1ͭ͋ͨΓʹ׵ࢉͨ͠ํ͕ݦஶͰ͋Δɻਤ 4.35(c)
ʹ x 
 0.5 ʹ͓͚Δ Si1−xGex ྔࢠυοτͷٵऩஅ໘ੵͷ࣮ݧ஋ (s8g32A1150) ͱཧ࿦஋Λൺ
ֱͨ݁͠ՌΛࣔ͢ɻ֤ΤωϧΪʔʹ͓͚Δٵऩஅ໘ੵͷ஋͸͓͓ΉͶҰக͍ͯ͠Δɻ࣮ݧͱཧ
࿦ͰεϖΫτϧܗঢ়͕Θ͔ͣʹҟͳ͍ͬͯΔ͕ɺ͜Ε͸ܭࢉʹόϧΫ Si1−xGex ͷ۶ં཰Λ༻
͍͍ͯΔ͜ͱ΍ɺ࡞੡ͨ͠ྔࢠυοτͷαΠζ෼෍΍ܗঢ়ͷ͹Β͖ͭΛ൓ө͍ͯ͠Δͱߟ͑Β
ΕΔɻ
148 ୈ 4ষ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑ
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ਤ 4.34: (a) B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷ 1ݪࢠ͋ͨΓͷٵऩஅ໘ੵεϖ
Ϋτϧɻ(b) 4.1, (c) 3.1, (d) 1.8 eVʹ͓͚Δٵऩஅ໘ੵͷཻࢠαΠζґଘੑɻͨͩ͠ɺ, •, ,
 ͸ͦΕͧΕ s8g0A, s8g4A, s8g16A, s8g32AγϦʔζΛࣔ͠ɺ, ͸ͦΕͧΕ Siྔࢠυοτ
[58]ɺGeྔࢠυοτ [59]ͷ࣮ݧσʔλΛࣔ͢ɻ࣮ࡍͷ஋ΑΓ (c)͸ 10ഒɺ(d)͸ 100ഒͯ͠
ද͍ࣔͯ͠Δɻ
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ਤ 4.35: (a, b) Si1−xGex ྔࢠυοτͷ (a) 1 ݸ͋ͨΓɺ(b) 1 ݪࢠ͋ͨΓͷٵऩஅ໘ੵεϖ
Ϋτϧͷ Ge ૊੒ґଘੑɻ(c) x 
 0.5 ʹ͓͚Δ Si1−xGex ྔࢠυοτͷٵऩஅ໘ੵͷ࣮ݧ஋
(s8g32A1150)ͱཧ࿦஋ͷൺֱɻ
150 ୈ 4ষ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑ
ൃޫಛੑ
ਤ 4.36, 4.37ʹ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷن֨Խͨ͠ൃޫεϖΫτ
ϧΛࣔ͢ɻਤ 4.36(a), (b), (c)͸ͦΕͧΕ೤ॲཧԹ౓ Ta(◦C) = 1050, 1100, 1150Ͱ͋Δɻۙ੺
֎ྖҬʹϒϩʔυͳൃޫΛ؍ଌͨ͠ɻGe૊੒ͷ૿Ճʹ൐ͬͯϐʔΫ͸௿ΤωϧΪʔγϑτ͠
͍ͯΔ͜ͱ͕Θ͔ΔɻίϩΠυঢ় Si1−xGex ྔࢠυοτͷ Ge૊੒ʹґଘͨ͠ൃޫΛ؍ଌͨ͠
ใࠂ͸ඇৗʹগͳ͍ [30]ɻਤ 4.38(a)ʹൃޫϐʔΫΤωϧΪʔͷ೤ॲཧԹ౓ґଘੑΛࣔ͢ɻൺ
ֱͷͨΊɺίϩΠυঢ় Siྔࢠυοτͷ࣮ݧσʔλ [31]Λ͍ࣔͯ͠Δɻ֤೤ॲཧԹ౓ʹ͓͍ͯɺ
Ge૊੒͕ߴ͘ͳΔ΄Ͳ௿ΤωϧΪʔγϑτ͓ͯ͠Γɺ1.6͔Β 0.98 eV·Ͱ੍ޚͰ͖͍ͯΔɻ
զʑͷ஌ΔݶΓɺίϩΠυঢ় Si1−xGex ྔࢠυοτʹ͓͍ͯ࠷΋௿ΤωϧΪʔͰͷൃޫΛॳΊ
ͯୡ੒ͨ͠ɻ·ͨɺSiྔࢠυοτͱൺֱͯ͠ɺಉҰΞχʔϧԹ౓ʹ͓͍ͯɺGe૊੒͕ߴ͍΄
Ͳ௿ΤωϧΪʔʹൃޫΛ͓ࣔͯ͠ΓɺGe૊੒ʹΑͬͯൃޫ੍ޚՄೳͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ
ਤ 4.38(b)ʹൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑΛࣔ͢ɻྔࢠαΠζޮՌʹΑΓɺཻࢠ
αΠζͷݮগʹ൐ͬͯൃޫϐʔΫ͸௿ΤωϧΪʔγϑτ͍ͯ͠Δɻ͞ΒʹɺಉҰαΠζʹ͓͍
ͯ Ge૊੒͕ߴ͘ͳΔ΄Ͳ௿ΤωϧΪʔγϑτ͍ͯ͠Δɻ͔͠͠ͳ͕ΒɺҰ෦ͷࢼྉͰ͜ͷ܏
޲͕ݟΒΕͳ͍ͷ͸αΠζ෼෍͕޿͍ͨΊͰ͋Δͱߟ͑ΒΕΔɻಛʹ BγϦʔζͰ͸ Ge૊੒
ͷ͹Β͖ͭ΋͋Δͱߟ͑ΒΕΔɻ·ͨɺSiྔࢠυοτͱൺֱͯ͠ɺಉҰαΠζʹ͓͍ͯएׯ௿
ΤωϧΪʔʹൃޫΛ͍ࣔͯ͠Δɻ͔͠͠ɺͦΕ΄Ͳେ͖ͳมԽͰ͸ͳ͍ͷ͸αΠζ෼෍͕޿͍
ͨΊͰ͋Δͱߟ͑ΒΕΔɻ
B, P ಉ࣌υʔϓ Si ྔࢠυοτʹ͓͍ͯ͸ɺൃޫϐʔΫΤωϧΪʔͷཻࢠαΠζґଘੑʹ
͍ͭͯৄࡉʹݚڀ͞Ε͓ͯΓɺෆ७෺υʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτʹൺ΂ͯ 300͔Β 400
meVখ͍͜͞ͱ͕Θ͔͍ͬͯΔ [31, 62]ɻ௿ΤωϧΪʔͷൃޫ͸υφʔ४ҐͱΞΫηϓλʔ४
ҐؒͷޫֶભҠʹΑΔ΋ͷͰ͋Δͱߟ͑ΒΕ͍ͯΔɻಉ༷ʹ B, P ಉ࣌υʔϓ Si1−xGex ྔࢠ
υοτͷ৔߹΋ɺGe૊੒͕খ͍͞ͱ͖͸ D–AϖΞ͕ൃޫʹد༩͍ͯ͠Δͱߟ͑ΒΕΔɻ͔͠
͠ͳ͕ΒɺGe૊੒͕ߴ͘ͳΔͱɺSi1−xGex ྔࢠυοτͷஔ׵αΠτʹ B΍ P͕υʔϐϯά͞
Ε͍ͯΔ͔Ͳ͏͔͕͸͖ͬΓͱ͸Θ͔Βͳ͍ͨΊɺݱ࣌఺Ͱൃޫͷىݯ͸ಛఆ͢Δ͜ͱ͕Ͱ͖
ͳ͍ɻ
ਤ 4.39ʹ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷൃޫݮਰۂઢΛࣔ͢ɻGe૊੒
ͷߴ͍ํ͕ൃޫͷݮਰ͕ૣ͍͜ͱ͕Θ͔Δɻࣜ (3.2)Ͱݟੵ΋ͬͨฏۉൃޫण໋͸ s8g4B1100
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ਤ 4.36: B, P ಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷن֨Խͨ͠ൃޫεϖΫτϧ (A:
B2O3 γϦʔζ)ɻ೤ॲཧԹ౓ Ta = (a) 1050 ◦C, (b) 1100 ◦C, (c) 1150 ◦Cɻ(d)͸ྭى೾௕ 488
nmʹ͓͚Δ s4g16A1100, s4g16A1150, s8g4A900ͷن֨Խͨ͠ൃޫεϖΫτϧͰ͋Δɻ
͕ 100.2 μsɺs8g16B1100͕ 36.3 μsͰ͋ͬͨɻ͜ͷݪҼͷ 1ͭ͸ߴ Ge૊੒ʹ͓͍ͯɺ֨ࢠ
ෆ੔߹ʹΑΔ͕ܽؕಋೖ͞Ε͍ͯΔՄೳੑ͕ڍ͛ΒΕΔɻ·ͨɺϙʔϥε Si0.8Ge0.2 ͷిࢠε
ϐϯڞ໐ଌఆʹ͓͍ͯɺGeͷ Pb ηϯλʔ (μϯάϦϯάϘϯυ)ͷີ౓͸ Siͷ Pb ηϯλʔ
ͷີ౓ʹൺ΂ͯ 40ഒߴ͍ͱ͍͏ใࠂ͕͋Δ [63]ɻෆ҆ఆͳද໘ߏ଄தͷ Pb ηϯλʔ͕ඇൃ
ޫηϯλʔͱͯ͠ಇ͖ɺSi1−xGex ྔࢠυοτͰ͸ Ge૊੒͕ߴ͘ͳΔ΄Ͳൃޫण໋͕୹͘ͳͬ
ͨͷͰ͸ͳ͍͔ͱߟ͑ΒΕΔɻൃޫͷϝΧχζϜΛղ໌͢ΔͨΊʹ͸ɺΑΓৄࡉʹௐ΂Δඞཁ
͕͋Δɻ
152 ୈ 4ষ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑ
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ਤ 4.37: B, P ಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷن֨Խͨ͠ൃޫεϖΫτϧ (B:
BPO4 γϦʔζ)ɻ(a) s8g4Bɺ(b) s8g16Bɻ
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ਤ 4.38: B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷൃޫϐʔΫΤωϧΪʔͷ (a) ೤ॲ
ཧԹ౓ґଘੑɺ(b)ཻࢠαΠζґଘੑɻൺֱͷͨΊɺB, Pಉ࣌υʔϓίϩΠυঢ় Siྔࢠυοτ
ͷ࣮ݧσʔλ [31]Λ͍ࣔͯ͠Δɻ
154 ୈ 4ষ B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑ
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ਤ 4.39: B, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ྔࢠυοτͷൃޫݮਰۂઢɻ
4.4 ·ͱΊ 155
4.4 ·ͱΊ
Si1−xGex ࠞথྔࢠυοτද໘ʹߴೱ౓ʹ B, P Λυʔϐϯάͨ͠਌ਫੑ݁থγΣϧΛܗ੒
͢Δͱ͍͏શ͘৽͍͠ख๏ʹΑΓɺۃੑ༹ഔ෼ࢄੑΛ༗͢ΔίϩΠυঢ় Si1−xGex ྔࢠυοτ
ͷ։ൃʹ੒ޭͨ͠ɻ͜ͷίΞ–γΣϧܕ Si1−xGex ྔࢠυοτ͸૊੒ (0 ≤ x ≤ 0.81)ͱαΠζ
(3–15 nm)ΛมԽͤ͞Δ͜ͱʹΑΓɺޫֶόϯυΪϟοϓΛ 0.8͔Β 3.7 eVɺൃޫΤωϧΪʔ
Λ 0.98 ͔Β 1.6 eV ͷ޿ൣғʹ੍ޚ͢Δ͜ͱ͕Ͱ͖ͨɻ͜ΕΒͷ͢΂ͯͷ૊੒͓ΑͼαΠζ
ʹ͓͍ͯೱ͘৭͍ͮͨಁ໌ੑͷߴ༹͍ӷͷ࡞੡ʹ੒ޭͨ͠ɻ·ͨɺSi1−xGex ྔࢠυοτͷٵ
ऩஅ໘ੵ͸ಉҰΤωϧΪʔྖҬʹ͓͚Δ Siྔࢠυοτͱൺ΂ͯ૿Ճ͓ͯ͠ΓɺՄࢹྖҬʹ͓
͍ͯ 10−18 cm2 Φʔμʔͷٵऩஅ໘ੵΛୡ੒ͨ͠ɻ͞ΒʹɺXPSଌఆ΍ ICP-AESଌఆ͓Αͼ
RamanࢄཚଌఆʹΑΓɺSi1−xGex ྔࢠυοτද໘ʹߴೱ౓ B, PΛؚΉ Si1−xGex ݁থγΣϧ
͕ܗ੒͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻ͜ΕΒͷ݁Ռ͸ɺෆ७෺υʔϐϯάʹΑΓද໘म০ແ͠Ͱ
ۃੑ༹ഔʹҰఆظؒ෼ࢄੑΛ༗͢Δۙ੺֎ൃޫίϩΠυঢ় Si1−xGex ྔࢠυοτͷ։ൃʹ੒ޭ
ͨ͜͠ͱΛ͍ࣔͯ͠Δɻ͔͠͠ͳ͕Βɺ͞ΒͳΔߴੑೳԽͷͨΊʹ͸ɺ૊੒ΛݶΓͳ͘ 1ʹۙ
͍஋·ͰɺαΠζΛ 2͔Β 20 nmҎ্ͷίϩΠυঢ় Si1−xGex ྔࢠυοτΛ࡞੡͠ɺΑΓେ͖
͍ٵऩஅ໘ੵɺߴ͍ൃޫྔࢠޮ཰Λ࣋ͭΑ͏ͳ৚݅Λݟग़͞ͳ͚Ε͹ͳΒͳ͍ɻ·ͨɺҎ্ͷ
݁Ռ͸ෳ਺ͷྔࢠυοτʹରͯ͠ಘΒΕͨ΋ͷͰ͋Γɺ୯Ұͷཻࢠʹண໨ͯ͠ݚڀΛਐΊΔඞ
ཁ͕͋Δɻ۩ମతʹ͸ɺSTEM-EELS, STEM-EDSϚοϐϯάʹΑΓ୯Ұཻࢠͷෆ७෺෼෍Λ
֬ೝ͠ɺ୯Ұυοτ෼ޫ΍ XPSɺRamanࢄཚɺθʔλిҐͳͲͷσʔλΛ૯߹ͯ͠ൃޫಛੑ
΍ۃੑ༹ഔ෼ࢄੑͷىݯΛղ໌͢Δඞཁ͕͋Δɻ
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ୈ 5ষ
ຊݚڀͷ·ͱΊ
ຊݚڀͰ͸ɺB, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧͷϒϩʔυχϯάʹ͍ͭͯٞ
࿦͢Δͱͱ΋ʹɺίϩΠυঢ় SiྔࢠυοτΛߴػೳԽɺߴੑೳԽͨ͠ද໘म০ Siྔࢠυοτ
͓ΑͼίϩΠυঢ় Si1−xGex ྔࢠυοτͷ։ൃΛߦͬͨɻB, P ಉ࣌υʔϓ Si ྔࢠυοτͷൃ
ޫʹ͸ D–AϖΞ͕ؔ܎͓ͯ͠Γɺͦ͜ʹہࡏͨ͠ΩϟϦΞͱ Si݁থͷ TOϑΥϊϯ͕૬ޓ࡞
༻͢Δ͜ͱͰൃޫ͕ϒϩʔυχϯά͍ͯ͠Δͱߟ͑ΒΕΔɻ·ͨɺੜମద߹ੑͷߴ͍ද໘म০
Siྔࢠυοτ΍ɺՄࢹ–ۙ੺֎ҬͰٵऩஅ໘ੵͷߴ͍ίϩΠυঢ় Si1−xGex ྔࢠυοτͷ։ൃ
ʹ੒ޭͨ͠ɻ͜ΕΒͷ݁Ռ͸ SiϕʔεޫిࢠσόΠεͷ࣮ݱ΍ɺόΠΦϝσΟΧϧ෼໺΁ͷ
Ԡ༻ʹͭͳ͕Δେ͖ͳҰาͰ͋Δͱݴ͑ΔɻҎԼʹɺຊݚڀͰಘΒΕͨ੒Ռͱࠓޙͷల๬Λ·
ͱΊΔɻ
ୈ 2ষͰ͸ɺ୯Ұυοτ෼ޫʹΑΓ B, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫτϧΛ؍ଌ
ͨ͠ɻཻࢠαΠζ 2, 3, 4 nm ͷ 3 छྨͷ Si ྔࢠυοτʹରͯ͠ 50 ݸҎ্ଌఆΛߦͬͨɻ͍
ͣΕͷࢼྉͰ΋ൃޫϐʔΫΤωϧΪʔͷ෼෍͸ྔࢠυοτू߹ମͷൃޫεϖΫτϧͱΑ͘Ұக
͓ͯ͠Γɺྔࢠυοτू߹ମͷൃޫεϖΫτϧ͕ݸʑͷྔࢠυοτͷൃޫͷॏͶ͋ΘͤͰߏ੒
͞Ε͍ͯΔ͜ͱΛ͍ࣔͯ͠Δɻ୯ҰྔࢠυοτͷൃޫεϖΫτϧͷ൒஋෯ (∼250 meV)͸ෆ७
෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτͷ΋ͷ (∼100 meV)ʹൺ΂ͯ 2ഒఔ౓޿͍݁ՌͰ͋ͬͨɻ
௿Թ (77 K)ଌఆʹ͓͍ͯ B, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫ൒஋෯͸ґવ ∼250 meVͳͷ
ʹରͯ͠ɺෆ७෺Λυʔϓ͍ͯ͠ͳ͍ Siྔࢠυοτ͸ 50 meVҎԼͰ͋Γɺݦஶͳ͕ࠩݟΒ
Εͨɻ͜ͷઢ෯͕޿͍ཧ༝ͱͯ͠ɺྔࢠυοτ಺ͷ D–AϖΞʹہࡏͨ͠ΩϟϦΞͱɺSi݁থ
ͷ TOϑΥϊϯͱͷΧοϓϦϯά͕ߟ͑ΒΕΔɻB, Pಉ࣌υʔϓ SiྔࢠυοτͷൃޫεϖΫ
τϧͷ Huang-RhysҼࢠ͸ 2 < S < 5Ͱ͋ΓɺμΠϠϞϯυ݁থதͷ NVηϯλʔͱಉ౳ͷ஋
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Ͱ͋Δɻ͜ͷ݁Ռ͔Β΋ɺD–AϖΞൃޫ΁ͷϑΥϊϯͷؔ༩͕ൃޫઢ෯ͷϒϩʔυχϯάʹ
Өڹ͍ͯ͠Δ͜ͱ͕ࣔࠦ͞ΕΔɻݱࡏͷ B, Pಉ࣌υʔϓ Siྔࢠυοτͷྔࢠޮ཰͸ߴʑ 10%
Ͱ͋Γɺඇৗʹࠔ೉Ͱ͸͋Δ͕ɺ୯Ұυοτಛ༗ͷݱ৅Ͱ͋ΔϒϦϯΩϯάݮগ΍εϖΫτϧ
֦ࢄɺ୯Ұྔࢠυοτͷൃޫण໋ଌఆΛ͢Δ͜ͱͰɺB, Pಉ࣌υʔϓ Siྔࢠυοτͷൃޫى
ݯͷ͞ΒͳΔղ໌ͷҰॿͱͳΔ͜ͱ͕ظ଴Ͱ͖Δɻ
ୈ 3ষͰ͸ɺ༗ػ෼ࢠम০ͨ͠ਫ෼ࢄੑۙ੺֎ൃޫ SiྔࢠυοτΛ։ൃ͠ɺͦͷൃޫಛੑ
΍ಛҟٵணੑʹ͍ͭͯධՁΛߦͬͨɻ࡞੡௚ޙͷ Hऴ୺ Siྔࢠυοτʹରͯ͠ώυϩγϦϧ
Խ൓ԠʹΑΓɺΞϛϊج຤୺Λ༗͢ΔΞϦϧΞϛϯͱΧϧϘΩγϧج຤୺Λ༗͢ΔΞΫϦϧࢎ
Λम০෼ࢠͱͯ͠ද໘म০Λߦͬͨɻ࡞੡༹ͨ͠ӷ͸ԫ৭͘৭͍͓ͮͯΓɺಁ໌౓͕ߴ͘ɺཻ
ࢠαΠζ͕ 4 nmఔ౓Ͱ͋Γɺද໘म০લޙͰ֎ݟͷมԽ͸ͳ͍ɻ੺֎ٵऩଌఆʹΑΓ AAm
͓Αͼ AAc෼ࢠ͕ Siྔࢠυοτද໘ʹम০͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻSi–C݁߹ͷϐʔΫ
ڧ౓͔Β Siྔࢠυοτͷද໘ੵͷ໿ 1% ͕෼ࢠम০͞Ε͍ͯΔ͜ͱ͕Θ͔ͬͨɻ͜Ε͸ׂ߹
ͱͯ͠ඇৗʹগͳ͍͕ɺੜମ෼ࢠಉ࢜ͷՍڮߏ଄ͷܗ੒Λ๷͙͜ͱ͕Ͱ͖ΔͨΊɺੜମ෼ࢠΛ
ߴޮ཰ʹඪࣝԽ͢Δ͜ͱ͕ՄೳͰ͋Δɻ1.5–1.6 eVͷۙ੺֎ྖҬʹൃޫΛࣔ͠ɺम০લޙͰൃ
ޫϐʔΫҐஔ͸େ͖͘มԽ͠ͳ͍ɻ͜Ε͸ྔࢠυοτද໘ʹܗ੒͞Εͨ B, Pߴೱ౓γΣϧߏ
଄ʹΑΓɺൃޫ͕ද໘ঢ়ଶʹಷײͰ͋Δ͜ͱΛ͍ࣔͯ͠Δͱߟ͑ΒΕΔɻ·ͨɺ࡞੡ͨ͠ Si
ྔࢠυοτͷಛҟٵணಛੑධՁͱͯ͠ɺࣗݾ૊৫Խ୯෼ࢠບΛܗ੒ͨ͠ج൘্ʹݻఆԽ͢Δ࣮
ݧΛߦͬͨɻද໘ੑঢ়͸ҟͳΔ͕ɺ͍ͣΕͷ෼ࢠΛम০ͨ͠৔߹΋ج൘্ʹ Siྔࢠυοτ͕
ݻఆԽ͞Ε͍ͯΔ͜ͱΛ֬ೝͨ͠ɻಛʹɺΞΫϦϧࢎम০ SiྔࢠυοτΛݻఆԽͨ͠ج൘͔
Β͸༹ӷதͱ΄΅มԽͷͳ͍ൃޫΛ؍ଌͨ͠ɻҎ্ͷಛੑ͸όΠΦϝσΟΧϧԠ༻ʹཁٻ͞Ε
Δ৚݅Λ͢΂ͯຬͨ͢΋ͷͰ͋Γɺੜମద߹ੑʹ༏ΕͨίϩΠυঢ় Siྔࢠυοτͷ։ൃʹ੒
ޭͨ͠ͱ͍͑Δɻ࣮ࡍʹࠓޙόΠΦηϯγϯάԠ༻ʹ޲͚ͯɺ߅ମͳͲͷੜମ෼ࢠͱͷෳ߹ମ
Λ࡞੡͠ɺޫ҆ఆੑ΍ޫֶಛੑΛධՁ͢Δඞཁ͕͋Δɻ
ୈ 4ষͰ͸ɺB, Pಉ࣌υʔϓίϩΠυঢ় Si1−xGex ࠞথྔࢠυοτͷ։ൃͱޫֶಛੑͷධՁ
ΛߦͬͨɻSi1−xGex ࠞথྔࢠυοτද໘΁ߴೱ౓ʹ B, PΛυʔϐϯάͨ͠਌ਫੑ݁থγΣϧ
Λܗ੒͢Δ͜ͱͰɺද໘म০ແ͠Ͱۃੑ༹ഔʹ෼ࢄ͢ΔίϩΠυঢ় Si1−xGex ྔࢠυοτΛ։
ൃͨ͠ɻ͜ͷίΞ–γΣϧܕ Si1−xGex ྔࢠυοτ͸૊੒ (0 ≤ x ≤ 0.81) ͱαΠζ (3–15 nm)
ΛมԽͤ͞Δ͜ͱʹΑΓɺޫֶόϯυΪϟοϓΛ 0.8͔Β 3.7 eVɺൃޫΤωϧΪʔΛ 0.98͔Β
1.6 eVͷ޿ൣғʹ੍ޚ͢Δ͜ͱ͕Ͱ͖ͨɻ͜ΕΒͷ͢΂ͯͷ૊੒͓ΑͼαΠζʹ͓͍ͯ৭͍ͮ
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ͨಁ໌ੑͷߴ༹͍ӷͷ࡞੡ʹ੒ޭͨ͠ɻ·ͨɺSi1−xGex ྔࢠυοτͷٵऩஅ໘ੵ͸ಉҰΤω
ϧΪʔྖҬʹ͓͚Δ Siྔࢠυοτͱൺ΂ͯ૿Ճ͓ͯ͠ΓɺՄࢹྖҬʹ͓͍ͯ 10−18 cm2 Φʔ
μʔͷٵऩஅ໘ੵΛୡ੒ͨ͠ɻ͞ΒʹɺXPSଌఆ΍ ICP-AESଌఆ͓Αͼ Ramanࢄཚଌఆʹ
ΑΓɺSi1−xGex ྔࢠυοτද໘ʹߴೱ౓ B, PΛؚΉ Si1−xGex ݁থγΣϧ͕ܗ੒͞Ε͍ͯΔ
͜ͱΛ֬ೝͨ͠ɻ͜ΕΒͷ݁Ռ͸ɺෆ७෺υʔϐϯάʹΑΓද໘म০ແ͠Ͱۃੑ༹ഔʹҰఆظ
ؒ෼ࢄੑΛ༗͢Δۙ੺֎ൃޫίϩΠυঢ় Si1−xGex ྔࢠυοτͷ։ൃʹ੒ޭͨ͜͠ͱΛࣔͯ͠
͍Δɻ͔͠͠ͳ͕Βɺ͞ΒͳΔߴੑೳԽͷͨΊʹ͸ɺ૊੒ΛݶΓͳ͘ 1ʹ͍ۙ஋·ͰɺαΠζ
Λ 2͔Β 20 nmҎ্ͷίϩΠυঢ় Si1−xGex ྔࢠυοτΛ࡞੡͠ɺΑΓେ͖͍ٵऩஅ໘ੵɺߴ
͍ൃޫྔࢠޮ཰Λ࣋ͭΑ͏ͳ৚݅Λݟग़͞ͳ͚Ε͹ͳΒͳ͍ɻ·ͨɺҎ্ͷ݁Ռ͸ෳ਺ͷྔࢠ
υοτʹରͯ͠ಘΒΕͨ΋ͷͰ͋Γɺ୯Ұͷཻࢠʹண໨ͯ͠ݚڀΛਐΊΔඞཁ͕͋Δɻ۩ମత
ʹ͸ɺSTEM-EELS, STEM-EDSϚοϐϯάʹΑΓ୯Ұཻࢠͷෆ७෺෼෍Λ֬ೝ͠ɺ୯Ұυο
τ෼ޫ΍ XPSɺRamanࢄཚɺθʔλిҐͳͲͷσʔλΛ૯߹ͯ͠ൃޫಛੑ΍ۃੑ༹ഔ෼ࢄੑ
ͷىݯΛղ໌͢Δඞཁ͕͋Δɻ
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ँࣙ
ຊݚڀͷࢦಋڭ׭ͱͯ͠ݚڀͷํ਑ɺ࣮ݧํ๏ɺσʔλͷղऍ΍ֶձͷൃද४උ౳ɺଟذʹ
ΘͨΔ͝ࢦಋࣀΓɺ౻Ҫູڭतʹް͘ޚྱਃ্͛͠·͢ɻ
ຊݚڀʹؔ͢Δجૅతࣄ߲΍త֬ͳ͝ॿݴɺ͝ࢦಋΛ௖͖·ͨ͠ɺࠓ๺݈ೋ༷ʹਂ͘ײँͷ
ҙΛද͠·͢ɻ
Siྔࢠυοτ΁ͷද໘म০ʹ͓͍ͯɺσʔλͷٞ࿦΍࿦จࣥචʹ౰ͨΓ༗ӹͳίϝϯτΛ͍
͍ͨͩͨՃೲ৳໵ॿڭʹײँ͍ͨ͠·͢ɻ
ຊݚڀʹ͋ͨΓɺݚڀ։࢝౰ॳ͔Βݚڀࢦಋɺσʔλͷղੳɺࡉ͔͍ٞ࿦·Ͱେม͓ੈ࿩ʹ
ͳͬͨਿຊହॿڭʹਂ͘ײँͷҙΛද͠·͢ɻ
୯Ұυοτ෼ޫʹ͓͍ͯɺڞಉݚڀऀͱͯ͠͝ڠྗ͍͍ͨͩͨ Prof. Jan Valenta and Dr.
Anna Fucikova (Charles University in Prague) ʹײँ͠·͢ɻϓϥϋͰͷੜ׆Ͱ΋େม͓ੈ࿩
ʹͳΓ·ͨ͠ɻ
࣮ݧʹର͢Δ৺ߏ͑΍ΞυόΠε౳ɺ਺ଟ͘ͷ͝ॿݴΛԼͬͨ͞ɺ੨໦ըಸॿڭʹײँ͠
·͢ɻ
Siྔࢠυοτʹؔ࿈͢ΔݚڀςʔϚʹ͓͍ͯɺڞಉݚڀऀͱ͚ͯͩ͠Ͱͳ͘ɺଟେͳ͝ॿݴ
Λͩͬͨ͘͞ɺ෱ాਅढ़༷ɺ௕୩઒ਖ਼ߴ༷ɺ෱ా༑ً༷ɺࠤʑ໦੣ਔ༷ɺݹా݈ଠ༷ɺງ༞ี
༷ɺҪ্ඈௗ༷ɺେ௬ರ༷࢘ɺଟా߁༸༷ʹײँ͠·͢ɻ
5 ೥൒΋ͷ௕͍ؒɺڞʹݚڀ׆ಈΛߦͬͨɺ౻Ҫݚڀࣨͷଔۀੜɺࡏֶੜͷํʑʹײँ͠
·͢ɻ
࠷ޙʹ͜Ε·Ͱࢲͷֶੜੜ׆Λࢧ͑ɺԹ͔͘ݟकͬͯ͘ΕͨՈ଒ͷօ༷ʹਂ͘ײँ͠·͢ɻ
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